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related thereto.
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primary PPT plume flow, 70 cm downstream of the PPT nozzle, the axisym'etry
of the plume was confirmed. Using a special double quartz crystal microbalance
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-;QCM) probe, the radial mass flux profile of the primary plume mass was found
1-- to drop off along a Gaussian bell curve to 10% of its centerlinevalue at a

radius corresponding to a plume expansion half angle of about 40O High speed
photography was used to confirm that the primary plume is composd of ay
high energy plasma moving at over' 30 k-m/sec and a low energy, presumably
neutral, gas moving considerably slower (v 17 km/sec).

Measurements of the PPT plume upstream mass flux were made in the
Molecular Sink (MOLSINK) vacuum facility in order to minimize the plume-tank
%iall reflected mass flux. Using specially designed collimators on 4 rows of
QCMs mounted on a support extending radially away from the plume axis, measure-
ments were made of the mass flux originating in a thin slice of the PPT
primary plume at an arbitrary "dip" angle with respect to the thruster axis.z---
The measured and analytically corrected mass flux from particles reflected
from the MOLSINK walls was substracted from the collimated QCM measurements
to improve their accuracy. These data were then analytically summed over
"dip angle to estimate the total plume beckflow upstream of the thruster 2
nozzle. The results indicate that the PPT backflow is of order 10-10 g-cm -
pulse -l in the regioh from 38 to 86 cm from the PPT axis in the nozzle exit
plane. This flux drops with the square of the radial distance from the PPT
axis and is comparable to the backflow of an 8 cm ion thruster, which has

jperformance characteristics similar to those of the PPT. Further studies
were made using a ralically different PPT nozzle combined with a flat plate
shield to determine Lhe backflow sensitivity to PPT nozzle variations. The
results indicate that the shield reduces the backflow at small radii while at
larger radii, the backflow is essentially unaffected.
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1.0 INTRODUCTION

Pulsed plasma thrusters (PPT) using solid teflon propellant have a flight

demonstrated simplicity and reliability l ) and are of increasing interest for

future flight applications. Earlier versions of these thrusters had total

impulses of less than 3000 lb-sec and impulse bits of less than 100 plb-sec,

and hence, were limited to applications such as east-west stationkeeping and

fine attitude control of small spacecraft. (2) A one-millipound average thrust

PPT is currently under development to extend the capabilities of the pulsed

plasma thruster to applications on larger spacecraft with longer mission

duration. (3) This thruster has an impulse bit roughly 50 times larger, and a

total impulse roughly 10 times larger, than the earlier versions. In addition,

its specific impulse, propellant flow rate, efficiency and poier are also

significantly higher. Envisioned applications for this millipound thruster

include north-south stationkeeping, satellite orbit acquisition and maneu-

vering, and large structure attitude control.

The flight experience of the smaller pulsed plasma thrusters has shown

Ithat the exhaust plume of these thrusters has a negligible effect on spacecraft

(4)i surfaces. ) The exhaust plume of the one-millipound thruster is of potentially

greater concern, primarily due to its higher energy and mass. In addition,

longer duration missions with ever more sensitive instrumentation will aggravate
B any plume contamination problem that may exist. Previous studies ( S ) have been

conducted to assess the effect of the one-millipound PPT plume on spacecraft

surfaces by directly measuring the plume flux towards a spacecraft upstream of

-5-
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the thruster exhaust plane. Unfortunately, accurate results have been masked

by a backscattered flux of particles reflected and eroded from the test facility

vacuum chamber walls. In order to minimize this effect and to develop a more

accurate measure of the plume-spacecraft interaction, a study was carried out

at the Jet Propulsion Laboratory using the Molecular Sink Vacuum Facility

(MOLSINK). This facility has a gaseous helium cooled anechoic-type liner

(ODLTRAP) especially designed to minimize any plume-wall backscatter, thus

providing an environment in which accurate plume-spacecraft interaction

measurements may be made.

The JPL plume study has been divided into two phases:

Phase I: An evaluation of the PPr plume-wall backscatter characteristics

of the MELSINK facility, a conceptual design for a PPT backflow measurement

technique, and the development of a low temperature quarts crystal

microbalance (QO) design to be used in measuring this btackflow.

Phase II: A study of the plume-spacecraft interaction utilizing the MOLSINK

facility, including a direct measurement of the plume backflow mass flux

into the thruster nozzle exit plane at varicas distances from the thruster

axis and a measure of the PPT primary plume Aass flux profile downstream

of the t..ruster nozzle.

The experiments and analyses of Phase I have been completed and are detailed

in a previous report. (6) Included is a description of the JDLSI N facility as

modified for use with the pulsed plasma thruster, and of the Solar Electric

Propulsion (SEP) vacuum facility, used for the PPT primary plume studies and -A-
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preliminary QCM testing. The QOI circuit design and calibration at liquid

nitrogen temperatures is also discussed. Backscatter from the ,N4)LTRAP anechoic

surface was measured in total, and at two specific locations, using QGI test

arrays designed for this purpose. The results indicate that the plume -a!l

backscatter is highest at the wall areas closest to the thruster axis and

f i lls to nicgligible valiues at the plume lhoundaw--wall inter;cction, 4t, oft this

axis. The total backscatter from the entire MDLTRAP wall area was found Eo be

almost 5% of the pPrr plume mass. Based on these wall backscatter measurerents,

a conceptual method was developed for measuring the PPr plume backflow. Because

of the relatively large plume-uall backscatter in the MLSINa over the wai

area directly in ie PPT primazy plume, an indirect method of measuring the

backflow is required wiiich avoids measuring the wall backscatter. Figure i

shows the conceptual tecImique, which uses a collimated QCM to make the plume

=backflowr. measurement. !his collimated Q04 is -rotated around a fixed point at

the entrance to the collimator. 7he collimator aperture "dip" angle is finite,

therefore the Qa-4 signal originates from a small segment of the PPT plume and

a segwnt of the IN)LTR.AP wall. The insert in Figure 1 indicates the kind of

data expected from such a measurement. The greatest backflM wuld be expiected

at a dip angle of 00 - decreasing to lower values in the downstream direction.

Once the view angle begins to intercept the plume boundary-wall intersection,
the wal backscatter will begin to dominate the signal. By considering only

the data for small lip angles, the net total plume backflow can be calculated

by summing the data over the dip angle distribution. Using a collimator w ith

a conical aperture as shown in Figure 2 would require observations over various

-7-
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i -io
dip angles both parallel and perpendicular to the thruster axis in order to M

observe the entire plume volume. To avoid the experimental complexity

associated with such an aperture, a slotted aperture was chosen for the collimator @

design, as also shown in Figure 2.

Building upon the previous Phase I efforts, the Phase II investigations

of the PPT primary plume and plume backflow have been completed, and are

detailed in this report. A discussion of the primary plume measurements and

their impact on the plume backflow testing is followed by a description of the

design of the Q(C backflow test apparatus. After these sections, the

collimated QCO measurements taken in the MOLSINK facility are described and used A,

in a detailed analysis of the PPT plume backflow level and distributioi.. Finally,

an additional section is included which describes a small follow-on measurement

of the plume backflow from the PPT with a radically modified nozzle geometry, to

determine the backflow sensitivity to nozzle design. -

-10-
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2.0 PRIMARY PLUME MUDIES

The source of the backflow from the pulsed plasma thruster is the primary

plume downstream of the thruster nozzle. The backflow mass flux magnitude

and its distribution away from and around the thruster axis both d. pend on the

primary plume mass flux, velocity, and chemical structure. In order to develop

an accurate picture of the PPT backflow, and,more practically, to assist in the

design of an acceptable backflow measurement technique, a basic understanding of

these characteristics of the PPT primary plume is necessary. To develop this -

understanding, various tests have been carried out and are described in the

following paragraphs. The major fraction of these tests was performed in the

SI P vacuum facility due to its greater operating convenience and lower cost. (6)

The remaining tests require a thruster environment more similar to actual

space flight conditions, and, hence, were performed in the MDLSINK facility. (6,7)

2.1 Mylr Target Deposition The exit orifice of the PPT exhaust nozzle is a

11.5 by 16.5 an rectangle with a resulting aspect ratio of 1.4. This azimuthally

nonsymmetric shape implies that the exhaust plume, and hence the plume backflow,

may also be non-axisymmetric around the thruster axis. in addition, any plume-

wall backscatter would be non-axisymmetric. This would require any primary or

backflow plume measurement to be made at various azimuthal as well as radial and

I axial locations, and,thus, would considerably complicate the experimental testing.

Recent observations at the Fairchild Republic Co.(8) indicate that 40 cm

downstream of the nozzle exit plane, the PPT plume is elliptical in cross-

section with its major axis parallel to the nozzle longer dimension, and with

an aspect ratio of only 1.2. These results suggest that at greater downstream

axial locations, the plume may approach azimuthal symmetry.

When installed in the MOLSINK facility for the plume backflow measurements,

the PP' was placed approximately in the center of the enclosed volume so to

~-11-
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provide maximum thermal isolation from the lMOLSINK walls.(6 ) In this position,

the thruster plume will collide with the MDLSINK walls approximately 80 cm

downstream of the PPT nozzle exit plane (assuming a plume expansion angle of

about 400(')). To check the primary plume symmetry, and hence the plume-wall

backscatter symmetry at this axial location, a technique developed for plume

studies of the 8 cm ion bombardment thruster was used.' A 1.2 meter square
0

sheet of I mil thick Mylar coated with a 700 A thick layer of aluminum was

placed 76 cm downstream of the PPT nozzle exit plane, on a frame supporting its

top and bottom edges. A 38 cm diameter hole was cut in the center of this sheet

to permit the central core of the PPT plume to escape without damaging the

fragile MyVlar. A photograph of this aluminized Mylar target is shown in Figure 3,

as installed in the SEP vacuum facility prior to the test.

During the test, the target could be seen to oscillate after each thruster

discharge due to the plume impingement. The target was exposed to approximately

12,000 discharge pulses over a three day period, and then removed from the tank

for analysis. A photograph of the target after the test is shown in Figure 4.

- -A series of concentric rings can be observed in this black and white reproductionr which,in fact, are multicolored, in a manner similar to the bands of light seen

F in quarter-wave diffraction plates. Such plates consist of a highly reflective

surface, such as aluminum, covered with a layer of transparent material with

a thickness equal to an odd multiple of a quarter of a wavelength of the

absorbed light. Thus, the presence of these concentric rings on the aluminized

V. target indicates that material has been deposited.

The primary reason for performing the plume target test was to determine

the azimuthal symmetry of the PPT plume, 70-80 cm downstream of the nozzle. The

shape of the concentric rings seen on the plume target provides an accurate

measure of this symmetry. The center of these rings is displaced upward

-12-
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approximately 9 cm from the center of the plume target, indicating a slight

misalignment in either the plume discharge or the thruster mounting. The

concentric rings are circular, except for flat spots at the 10 o'clock and

2 o'clock positions. The top of the target (12 o'clock) corresponds to the

location of the cathode electrode and the spark plug trigger; hence theqe

flat spots may be associated with the difference between the cathode and the

anode discharge physics. In any case, these flat spots represent a deviation

from, the circular ring mean radius of less than 5%; thus for practical

purposes the primary plume can be taken to be azimuthallv uniform. A further

test to check the backflow plume axisymmetry is described in section 4.2 and

confirms that the backflow is also azimuthally uniform.

In order to obtain more detailed information on the plume deposit, three

different methods of measuring the actual thickness of the deposit on the

plume target were attempted. The first method, utilizing a laser el]ipsometer,

failed due to the flexibility of the plume target .ylar substrate. This flex

ibility prevented the target from resting evenly on the sensing platform, which

led to large inaccuracies. The second method uzilized a Sloan DERTAK Surface

Profile Measuring System which senses the position of a scribe as it moves along

the sample surface. This method was also unable to measure the absolute

I i thickness of the deposition, again because of the flexibility of the ,y1:r sub 

strate; however it did indicate that the existing micropores in the aluminum

layer were smoothed over towards the target center. This could happen either

by the deposit filling the micropores or by the plume eroding the surrounding

aluminum. Finally, the transmittivity of the target was measured to see if any

-is



Aqualitative evidence could be found to determine the deposit thickness. The

transmission coefficient was found to drop from 2.7% at the outer edge of the

target to 2.0% at the edge of the hole in the center of the target. This

change in transmittivity is relatively small and indicates that either the

deposit thickness increases towards the target center or that the target

surface features change with decreasing radius to increase the reflectivity.

In the light of the smoothed over micropores found with the surface profile

measurement, it is more probable that the target surface features changed.

None of the previous methods were able to determine the difference between

erosion or deposition on the target, and hence, provide little improvement

over the previous quarter wave plate analysis, in the understanding of the

plume target results.

2.2 Double Qo Probe Mass Flux Previous investigators have studied

PPT plumes using such various diagnostics as Langmuir and B-field probes,

calorimetric disks, high speed photography, glass capture caps, Faraday cups, I
microwave interferometry and single QCMs. When combined with the knowm per-

formance of the PPT, these studies indicate t.at a significant fraction of the

plume mass flux consists of low energy (probably neutral) particles. Thus,

in order to measure the radial distribution of the PPr primary plume mass flux,

a method is needed which is sensitive to both the neutral and ionized components

FEY of the plume. In addition, the method must provide adequate spatial resolution

and an in situ, real time output to minimize error.

To satisfy the above requirements, a QC! measurement would seem to provide _

an adequate solution; however, as previously mentioned, earlier attempts (5)

-16-



to determine the radial distribution of the plume mass flux with a single QG4

have met with little success because the plume erodes the QCv collecting surface

rather than depositing on it. In order to alleviate this difficulty and still

maintain the advantages of a QG.1 measurement, a special double Qa4 probe was

developed, and is sketched in Figure S. It consists of a shielded container

with an aperture designed to direct the incoming mass flux to QCM 1, placed

at an angle of 450 with respect to the incoming axis. The material which

reflects or erodes from QCM I is partially captured by QLM 2, placed normal to

the incoming axis and on the optical path from QC4 1.

The net signal output, S1 , of QCM 1, facing the PPT plume is equal to

the rate of mate-kial deposited on the crystal sensor. This rate is equal to

the axial component of the local plume mass flux, iA, less the amounts

reflected and ablated, 1br, from the QIt1 surface:

I i cos 45'- (1)

The cos 450 is required to correct for the angle between the incoming axis and

the QCM collecting surface normal. The reflected and ablated mass flux leaves

the surface of Qa 1 in some unknown distribution about the QC7 surface normal.

Some fraction, K, of this mass flux impinges on and is collected by QG1 2.

Thus, the signal output, S2, of Q01 2 is:

S2  Kih r  (2)

The fraction, K, not only accounts for the fraction of reflected and ablated

material from QCM 1 that impinges on Q(G4 2, but also for that fraction of

impinging material that actually sticks to the collecting surface of QG1 2,
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rather than ablating and reflecting from it.

The axial plume mass flux, A, can be found by eliminating the reflected

and ablated mass flux, i, from Equations (1) and (2):

ffi =(s1 +S) 45()
~cos 450

The values of S1 and S2 can be measured locally to give a local value of

fa, provided the constant, K, is known. This constant can be found through a

calculation of the total mass flow rate, bT, from the thruster discharge as

follows.

The total mass flux over the entire plume cross section is given by:

=/A dA(4

where dA is a differential cross-section area element, normal to the thruster

axis. Substituting into equation (3):

dn-r= dA + /S dA 1 (S)

K $cos 450

Under the assumption that the constant, K, is independent of radius,

equation (5) can be solved for K:I K = cos 450 - I (6)

2

The total mass flow rate, ihT, is knotm to be 1.56 mg/pulse; thus

measurements of SI and S2 versus radius can be used to experimentally

evaluate the constant, K. Once known, K can be substituted along with

-19-



__ _

local values of S1 and S2 into equation (3) to give the local axial plume mass

flux, -ii.

The double QOI probe used in the testing is shown in Figure 6 with and

without its cover plate. The quartz blank of QCM 1 with both its collecting

and reference electrodes can be seen. Q(C 2 has a separate cover plate to

insure that the mass collected on QCM 2 is only from that eroded and reflected

from the Qa' 1 collecting electrode, and not from any spurious internal

scattering. The circular shaft shown in the photographs is a mounting fixture

used for assembly that simulates the required liquid nitrogen (IN) cooling

line. When installed in the SEP vacuum facility, the LN2 cooling line

consisted of a I. S inch diameter flexible stainless steel tube fed through

the top of the vacuum tank and down to the double QG.! probe where its end was

plugged. This cooling line was filled with LN2 from outside the vacuum tank,

while gravity acted to keep the LN2 down at the end of the tube at the probe.

The 1.5 inch diameter w-as necessary to prevent a vapor lock from forming

and preventing the LN2 from reaching the double 001 probe.

The double Q()4 probe was mouted on a movable support that was capable

of sweeping the probe radially outward from the thruster axis to a radius of

roughly 75 cm. A complicating factor in the construction of this support was

the requirement that the probe remain tied to the IN2 feed line. Although

made of flexible steel tubing, at IN temperatures this line is relativelyI stiff, requiring that the support be sturdy enough to move the probe against

K the drag of this LN2 line. Two design options were considered: 1) a support

rack which pivots about a point in the PPT nozzle exit plane at the thruster

-20-
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axis, such that the double QGI probe was always at a constant distance from

this point; and 2) a support rack which moves radially along a straight line

perpendicular to the thruster axis, such that the probe remained a constant

distance downstream of the PPr nozzle exit plane. The first option would have

reqtuired the construction of a strong, curved track and a coAplex motor assembly

to move the support along this track. In addition, maintaining the alignment

of the probe would have been difficult. Because the second option is mechanically

more siape, it was chosen for the support design.

Figure 7 shows a photograph of the final installation in the SEP vacumw

facility. The probe is mounted in a support which slides on Teflon bearings

along two parallel stainless steel tubes. A cable-chain drive system is

connected to the probe support around two pulleys, seen at each end of the two

parallel tubes. This system is driven by an electric motor at the base of the

diamond shaped structural frame. The LN, feed line can be seen curving from

the probe up to the top of the vacuum tank. With this system, the double QW-

probe can be positioned anywhere between 30 cm to the left of the thruster axis to

75 cm to the right. The probe cover plate was positioned 74 cm downstream of

the PPT nozzle exit plane, approximately at the sae location as the aiuainized-

Mylar target discussed in the previous section.

Using the double Q(7 probe, measurements were made over a period of several

days with the thruster firing once every 17 seconds. The SIP facility va1ls

evre maintained at LN, temperature to minimize the wall-plume backscatter. The

data taken during this test *ere reduced to the mass flux values, S1 and S),

for hoth Q E in the probe. These are shokn in Figure 8, plotted versus radius
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measured from the PPT plume axis. As expected, the signal from QCM 1 indicates

its collecting surface is eroding for probe positions out to a radius of about

45 cm. The signal from QC4 2 is consistent with this erosion in the sense that

it is largest when the eroded mass flux is largest, and hence when the great-

est amount of material is available for collection.

The two data points shown for each QCM at a radius of 26 cm were taken

on opposite sides of the thruster axis, and thus provide a measure of the

symmetry of the plume and the accuracy of the probe analysis. The two data

points of the QG4 1 signal are virtually identical, indicating that the incoming

plume mass flux is the same on opposite sides of the PPT axis, and, hence, is

axJsyiiietric. The two data points of QG4 2 differ by about a factor of 1.6,

indicating that the fraction, K, of scattered and eroded material collected

by QQA 2 from QaI 1 can vary by as much as 60%.

Using the data of Figure 8, Equation (6) was used to calculate the constant,

K. This value was found to be 0.014, and indicates that only 1.4% of the

material reflected and eroded from QCI 1 is collected by QN1 2. The error

induced in the calculated mass flux profile due to the variation in K can be

E . seen in Figure 9 which shows this calculated profile versus radius. The two

data points at a radius of 26 cm indicate that the error in this mass flux

M due to the variation in K can also be as much as 60%. With this implicit

error in mind, the profile of Figure 9 still provides a reasonable measure

of the mass flux distribution over the plume radial extent. This profile

IR approximates a Gaussian shape, with a half width at half maximum of 28 cm,M
corresponding to an enclosed half angle from the plume axis of 210.
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At a radius of 60 cm (which corresponds to an enclosed half angle of 400) the

plume flux is less than 10% of its centerline value.

2.3 High Speed Plume Photography Earlier studies of lower energy pulsed

plasma thruster discharges have utilized high speed photography to study

the evolution of the primary plume over the total discharge time. (11) These

studies have provided valuable information about the PPT primary plume

velocity and formation, which indicates that the plume is not a simple

expansion of a homogeneous plasma. In order to investigate the properties of

the I mlb PPT plume under study in this report, and to substantiate some of

the previous experimental results, a high speed photography study of the PPT

primary plume was carried out. In particular, a measure of the plume velocity

was desired in order to determine the time at which the plume collides with

the vacuum tank wall and begins to backscatter.

This study was carried out with the thruster installed in the SEP vacuum

facility in the same location as for the previous Mylar target and double

QCM probe tests. An observation port in the side of the vacuum chamber was

used to view the plume. This port has a glass window with its center displaced

46 cm downstream of the PPT nozzle exit plane. The experimental set-up is

sketched in Figure 10, and shows the trigger delay generator (TRW model 46A)

which served to trigger the camera shutter after a set delay from the begin-

fning of the PPT discharge pulse. The camera is a TRW image converter camera

model ID and use' d microsecond framing plug-in unit Model 4B to control

the number and length of exposures per discharge. This particular framing
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unit allowed three separate exposures to be made during each PPT discharge.

The duration of each exposure was of order 0.2 psec and the separation

between each exposure was controllable between 0.5 and 20.0 lisec. To insure

that the axis of the camera was perpendicular to the PPT plume axis, and to

deterdne the exact image demagnification, a ruler was suspended from the top

of the vacuur tank, along the thruster axis. The camera was aimed at a point

on this ruler corresponding to a right angle between the thruster and camera

axes and a photograph of the scale was taken. The demagnification was then

calculated and found to be 13.9:1.

Figure 11 shows a sample series of photographs taken of the PPT plume.

Each individual frame has three grid lines superimposed on the actual plume

exposure. The overall series shows the time history of the plume as it

passes the observation area, w5th time increasing from the bottom of the

figure. Each group of three pictures was taken during one discharge pulse.

In order to compare the plume behavior from pulse to pulse, each separate

series of photographs overlaps the time of the accompanying series. 'Me

photographs in Figure 11 span the time from when the plume first appears in

the viewing region, about 19 psec after discharge initiation, to when the

plume luminosity decays to where it is no longer visible, about 37 11sec

after the discharge initiation. As observed, the plume is not homogeneous,

but in fact contains locallized regions of high luminosity, and thus

presumably high density. Over fifty photographs similar to those in Figure 11

were taken and all show some degree of nonuniformity in the luminosity pattern.

The nonuniformities in the plume plasma must average out over really discharge
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pulses, in order to give the relatively uniform experimental results found

with the Mylar target and double QCM probe tests. The plume backflow is

expected to behave in a similar manner, since it originates in the primary

plume.

The velocity of the luminous discharge plasma seen in the photographs

of Figure 11 can be determined by calculating the time-of-flight distance

between one photograph and another, separated by a known time interval.

Using this method, the velocity of the plasma front as seen in the earliest

group of pictures in Figure 11 is 30 + 5.5 km/sec. The velocity of the

bright luminous region, seen in the middle group of Figure ii, is 23 -5.5 km/sec.

The error bars in these velocities represent standard deviations calculated

by combining the measured velocities of several series of photographs similar

to those in Figure II. The discrepancy between the velocities of the plume

leading edge and the luminous region inside the plume may be due to several

reasons, including different magnetic force acceleration patterns, and

different local acoustic flow properties.

The plume average exhaust velocity is known to be 17 km/sec, which is

significantly smaller thai the two measured velocities. This suggests

M that the luminous porticn of the plume consists of only a fraction of

the total discharge mass and that the remainder is moving at a velocity

lower than the plume average. This t)e of behavior has been seen before

in micropound thrusters where the luminous portion of the plume was

found to be the ionized fraction of the plume. Measurements of the ion

velocity of the millipound thruster plume were made at Fairchild (5) using

LA1



a Langmuir probe and show good agreement with the present photographic

measurements.

In the IMLSINK facility, where the plume backflow measurements were made,

the thruster was installed with its exit plane perpendicular to the major axis

of the ellipsoidal tank, roughly 1.5 m from the tank end. Thus, the plume

leading edge will reach the tank wall roughly 50 psec after the PPT discharge

initiation. Since this portion of the plume is the most energetic, it would

be expected that most of the wall backscatter would originate with this

portion. Assuming, conservatively, that the backscatter velocity is equal to

the incoming plume velocity, the backscatter will reach the area of the thruster

nozzle roughly 100 Usec after the discharge initiation. [
The energetic portion of the PPT plume is ionized and thus is confined to

within the magnetic field pattern of the PPT discharge. The lower energy,

slower moving portion is not confined by this field and thus, is free to flow

radially outward and axially upstream more easily. The PPT plume backflow is

expected to be primarily composed of material from this lower energy portion.

Although the velocity of this portion of the plume is unknown, it must be

less than the plume average velocity and is probably close to its sonic

velocity. Assuming the temperature of this material is less than 10,000 K,

an upper estimate of the velocity can be found from the definition of the

sonic velocity, CS:ICs-V ii,
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where Y is the ratio of specific heats and is taken to be 5/3, and R is the

ideal gas constant divided by the average plume molecular weight of 16.7 amu ( 8) .

The result gives a value of roughly 3000 m/sec, or about one-tenth of the high

speed plume portion. Using the estimated wall backscatter return time of

100 usec, the low speed backflow will travel only about 30 cm from the thruster

axis before the wall backscatter overtakes it, thus any backflow measurement

in the MOLSINK facility must be designed to correct for an almost simultaneous

wall backscatter.

In addition to the preceding observations of the PPT plume on the thruster

axis, the high-speed camera was also used to determine the expansion angle of

the luminous portion of the plume. Figure 12 shows a schematic of the camera

geometry used to make this measurement. At the camera axial position of 46 cm,

it was tilted up from its original position, aligned perpendicular to the

thruster axis, to a position where the edge of the plume was centered on the

photograph. As shown in part (a) of Figure 12, the angular displacement was

found to be 17'. Using this angle and the known distance from the

camera to the thruster axis (132 cm), the plume radius at this axial location

can be determined. As shown in part (b) of Figure 12, the plume expansion

angle, e, can then be calculated and found to he roughly 400, which is

__ in agreement with the previous measurements. From the photographs taken of

the PPT plume edge, the velocity of the plume at this location was found to

b,- 26 + S km/sec. This velocicy is approximately equal to the measured center-

line plume velocity; thus the plume velocity radial profile is essentially flat

out to the plume edge. This type of radially uniform velocity profile is

similar to those found in other types of plasma thrusters. (12)
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2.4 Plume Composition Analysis The results of the previous studies have

indicated that the plume material in the central part of the primary plume

is energetic enough to erode the vacutm tank wall surfaces. In addition, it

is known that the major amount of plume-wall backscatter is from this central

part of the plum. (6) These two facts combine to suggest that the backscattered

material from the tank walls may be composed of ablated material from the wall,

and hence, recognizably different from the backflow from the plume itself. In

oruer to determine if this possibility is indeed true, a series of tests was

run to determine the plume ccmposition using visible light spectroscopy and carbon

disk analysis.

A 0.5 m Jarrel-Ash grating spectrometer was set up in the same location

as the high speed camera shown in Figure 10, to observe the optical radiation

from the PPT exhaust plume perpendicular to the plume axis. The wavelength

range from about 2000 to 6000 was covered using Royal Pan Film, with a

mercury vapor lamp for a comparison spectrum. Exposures were varied frco

15 to 45 discharge pulses to provide adequate resolution. The results indicate

that spectral lines can be found over the entire range. Analysis indicates

j £that much of this radiation is due to singly ionized fluorine with some

contributions from ionized carbon. No lines frem neutral carbon or fluorine,

or from any other specie, were found. This indicates that the energy of the

M plume neutral specie component is such that the radiation froma thi3 covnnent

is negligible with respect to that from the ionized specie. It also suggests

that little recombination of the charged particle plasma is occurring upstream

of the observed plume region. Since no spectral lines from any specie from
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the vacuum tank wall were observed, it appears that the wall backscatter

cannot be resolved from the plume backflow using this spectroscopic method.

An alternate method of resolving the possible differences between the

plume backflow and wall backscatter involves the analysis of the material

deposited on sampling surfaces exposed to the PPT plume. A scanning electron

microscope (SEM was used to observe the morpi.'og.y of the surface deposits

on these sampling surfaces and energy-dispersive X-ray analysis was used

to identify the atomic species. This type of X-ray analysis is unable to

differentiate between species of atomic numbers lower than 9; hence only

the fluorine in the Teflon propellant can be identified, while the carbon

will remain transparent. In addition to possibly differentiating between back-

scatter and backflow, scanning electron microscopy is also useful in checking

the uniformity of the deposits on the collecting surfaces. This uniformity _

strongly affects the calibration constant for the QOMs used in these plume

studies. For the previous work, including that of the Phase I effort, this

deposit was assumed to be uniform aid the calibration constant was calculated

accordingly. This assuption can be checked using the aforesaid method. These

analyses, including both the SEW photography and the X-ray enrgy dispersive

spectroscopywere performed by Dr. Raymond L. Chuan of the Brunswick Corporation.

Initially the analysis was carried outr on the deposit on the collecting

(6)surface of a QC4 used in the off-axis skimmer of the Phase I testing.

It was hoped that an examination of this QM would provide some evidence

of the species backscattered from the tank wall, since only this backscatter

could have reached the Q04. Ain SI photograph of a portion of this Q04
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collecting surface is shown in Figure 13 (a). As evident, the deposit on the

QC! platinum electrode surface consists of relatively few isolated particles.

Particle A is shown at a greater magnification in Figure 13 (b), where it

appears to be amorphous with an overall size of roughly 80 microns. X-ray

spectra of this particle indicate that it is composed primarily of aluminum

and hence, is probably a sputtered particle from the aluminum in the vacuum

tank walls or QG(2 body. The remaining particles were each examined and

found to have no resolvable X-ray spectra, indicating that they are compooed

of low atomic number elements (less than 9), which may or may not be from

the PPT plume.

Analysis of the previous QGM surface was ambiguous, since its collecting ZR

surface was shielded from the PPT plume by the skimmer wall and since little

measurable mass was deposited on its surface. In addition, the X-ray spectra

of the few particles on this QG1 surface were masked by the spectra of the

silicon from the quartz crystal and fhe platinum from the actual collecting

electrode. To remedy these problems, three carbon disks approximately.

1.0 cm in diameter were installed in the MOLSINK facility to be exposed to

the PPT discharge. Carbon disks were used because carbon has an atomic number

of less than 9, and hence is transparent to the X-ray spectroscopy used.

Each disk was placed in the bottom of a 2.0 cm by 3.0 cm box, roughly 1.0 cm deep,

which acted as a relatively open collimator to control the region viewed by the

carbon disk surface. These boxes were either pure aluminum foil or commercial

pot metal depending on the particular carbon disk. Two of the carbon disks

were placed side-by-side on the downstream edge of the thruster aluminium

-37-
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enclosure, approximately 15 cm off the thruster axis and 5 cm upstream

of the exit plane. They were set to face directly downstream toward the

MJLSINK wall area where the backscatter is greatest. One of these disks

was mounted in a pure aluminum foil box and the other in a pot metal box.

The third disk was attached to a bracket on the MOLSINIK wall, about 450

off the thruster axis. This disk was set to look directly into the thruster

discharge chamber and was in a pot metal box. These disks were exposed to

approximately 110,000 discharge pulses and then removed for analysis.

The analysis of the two carbon disks mounted together on the thruster

enclosure indicates that there is a quantitative difference between the

deposit collected on the disk in the pure aluminum box and the deposit on

the disk in the commercial pot metal box. This difference indicates that

some material was actually eroded from the boxes containing the carbon disks.

Thus, any elements which are contained in the box material and are seen in

the analysis may not necessarily originate in the PPT plume or tank wall back-

scatter. These elements include aluminum from all the boxes and iron, lead,

zinc, and other trace elements from the pot metal boxes.

The carbon disk from the pure aluminum box mounted on the thruster enclosure

and facing downstream was analyzed to determine the deposit morphology and

elemental composition. Two sample SWM photographs of the carbon disk surface

features are shown in Figure 14. Figure 14 (a) is a low magnification view

which shows a number of particles adhering to the surface. Figure 14 (b)

is an enlarged view of particle A showing it to be an amorphous lump of

material seemingly composed of many
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small spherical particles. X-ray spectroscopic analysis of this particle

shows a strong fluorine line which is probably in chemical combination

with carbon, making this particle similar to Teflon. Figure 15 shows two more

enlarged views of particles observed on this carbon disk. X-ray analysis

indicates that these particles also show Teflon; however, their morphology

is fundamentally different from that of Figure 14 (b). Both of these particles,

and in fact almost all the observed particles, appear to be cracked from

a uniform layer built up on the carbon disk substrate. This cracking may

possibly be due to thermal stresses induced during the warming of these disks

to room temperature after having been maintained at low temperatures during

the experiment.

Although the carbon disk mounted on the MOLSINK wall was installed in a

pot metal box, and therefore subject to considerable contamination, the

analysis of the deposit on this disk indicated several interesting points.

To the naked eye, this disk was well covered with a material showing a

velvety purple color similar to the deposits seen on the NMJSINK walls

around the ]nw4r door. The s,,rface density of particles on this disk was

higher than that of the other disks; however, the analyses of these particles

indicate that the), are composed of materials from the pot metal box, and thus

may not be due to the PPT discharge plume. As in the previous disk, this disk

ER also showed the ubiquitous presence of fluorine over the entire surface,

suggesting that the teflon propellant deposited in a uniform layer. In addition,

copper, presumably from the PPT electrodes, was also seen to be uniformly

distributed over the disk surface. This indicates that it is possible to
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qualitatively recognize the PPT discharge erosion products in the discharge

and hence, possibly determine the actual erosio- rate.

This analysis of the carbon disks exposed to the PPT discharge indicates

that there is no easily recognizable difference between the material rebound-

ing from the MOLTRAP wall and the material flowing directly from the thruster

discharge chamber. Thus, it would be impossible to distinguish between the

PPT plume backflow and the plume-wall backscatter using this method. Further

analysis indicates that the major part of the deposition on these carbon

disks is in a uniform layer with only a few particles at isolated points.

This type of deposition indicates rhat the earlier assumption of uniform

deposition on QDI collecting electrode surfaces is accurate; hence the use

of this fact in calculating the QN4 calibration constant is justifiable.

2.5 Sunmmary The previous studies of the PPT plume have provided valuable

insight which can be applied to the design of an appropriate plume backflow

measuring system. The measured axisynmnetry of the plume downstream of 75 cm

from the nozzle confirms that the plume-wall backscatter is axisymetric, as

was indicated in the Phase I studies. Furthermore. this axisymmetry suggests

that the PPT plume backflow may also be axisvnmetric; hence the e..erimental

program to measure this backflow need not include an extensive study of the

azimuthal variation in this backflow. The radial mass flux measured using

the double Q()f probe indicates that virtually all of the primary plume is

confined to a 400 half-angle conical expansion. This measure of the plume

boundaries and the estimate of the flux density within this plume will be

useful in determining the regions to be observed in order to measure the plume
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backflow. Finally, the plume velocity and composition analysis indicate that

the plume backflow cannot be easily differentiated from the plume-wall

backscatter, by either appropriate sensor timing or elemental analysis. Thus,

to measure the plume backflow, a method r,."- be developed which differentiates

between the backflow and the backscatter in .mne other fashion, such as the

method described in Section 1, using collimated QC(s.
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3.0 BACKFLOW EASURM ENT DEVELOPMENT AND TEST HISTORY

Based on the results of the previous section, it appears that the

conceptual method of measuring the PPT backflow using collimated QCIs is

feasible. This method requires the design and assembly of an experimental

apparatus capable of supporting an array of collimated QC0s, moving these QOis

to various radial and axial locations in the plume, and varying the dip angle

between the PPT nozzle exit plane and the collimator axis. In addition, each

Qal must be cooled to LN2 temperatures and have its temperature regulation,

power, and output signal leads connected to the appropriate systems outside of

the MOLSINK tank. The first half of this section will discuss the overall

design of this experimental apparatus. Included in this discussion will be

a description of the preliminary testing of various collimator designs carried

out in the SEP vacuum facility.

After the assembly of the test apparatus, it was installed in the

IUSINK facility and used to gather the necessary experimental data iequired

for the determination of the PPT plume backflow. The test history and the

reduction of the test data from QG1 beat frequency shifts to mass flux values

will be discussed in the latter half of this section.

3.1 Collimator Design and Testing The conceptual technique for measuring

the PPT plume backflow was discussed in Section 1.0. Referring to Figure I of

that section , the collimated QG1 signal consists of contributions from the PPT

plume and the NIDLTRAP wall area within the collimator observation region. For

small dip angles, the plume-wall backscatter can be ignored; thus the collimated

• QQ signal would be due to the 1backflow from the observed volume of the PPT pltne.
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By using a collimated QMd which observes a plume slice of enclosed angle,

-a and observing these slices from a dip angle of zero out to the maximum

value for negligible wall backscatter in steps of Aa, the partial plume

backflow from this total volume might be found by simply summing the

measured signals. Unfortunately, physical limits of the collimator design

prevent this simple procedure from giving accurate results, as can be seen

by the following.

Looking in a direction perpendicular to the QGa collimator axis, the

geometry is as shown in Figure 16. The region observed by the QOI collecting

electrode can be divided into two subregions: the illuminato and the penumbra.

Any point source of backflow in the illuminato will see the entire electrode

surface; hence the measured QCN signal will be directly proportional to the

electrode area. Any point source in the penumbra will see only a fraction of

the electrode surface (due to shadowing by the collimator aperture I and hence,

will depend on the electrode area in a more complex fashion. This partial

shadowing must be corrected for in the sumnation of the QCT signals at different

dip angles in order to insure that all the backflow over a given range of dip

angles is measured. This correction is analytically very complex, as will be

seen in Section 4,and hence, it is desirable to design the Q04 collimator such

that the penumbra and the associated correction to the measured (P-1 signal is

small. As will be seen by the following analysis, this cannot be done under

the existing experimental constraints. if
Referring to Figure 17, the edge of the penumbra is at an angle, -, with

respect to the collimator axis,and the edge of the illuminato is at an angle

-46



THRUSTER

QCM COLLIMATOR~

UMBRA6c

PENUMBRA

PENUMBRA/

I Figure 16. Q0.1 Collimator Observation Region

I -L



COLLIMATOR V COLLIMATOR _ -QCM

AXIS APERTURE JELECTRODE

I Figure 17.. Q21 Coll1imator Aperture Geometry

-48-



4- with respect to this axis. With the QC electrode width, q, and the

electrode-aperture distance, s, the penumbra angle, 6, is.

tan + tan

From Figure 1, it can be seen that the aperture angle , , should be less

than l0 ° to insure adequate spatial resolution. Table I shows the values

of acalculated for various &a and qis. The QCNI electrode width, q, is

approximately 0.8 cm; hence the tabulated values of q/s cover a range of elec-

trode-aperture distances, s, from 8 to 80 cm.

TABLE 1. QDI Collimator Penumbra Angle (degrees)

(degrees) 0.1 0.05 0.01

0 5.71 2.86 0.573

5 8.17 5.35 3.07

10 10.6 7.82 5.59

20 15.4 j 12.8 10.6

'r;actical considerations of the available space in the ILSINK tank

dictate that s should be no lareer than about 10 cm; hence the

ratio q/s is restricted to values greater than roughly 0.1. According to

Table I, this indicates that the collimator penumbra angle will be equal to or

larger than the aperture angle; hence the correction to the collimated Q0!

signal due to the penumbra must be large.



The choice of the collimator aperture angle depends on a ccmprcmise

between the good spatial resolution of small apertures and the magnitude of

the Q:N1 signal uhich decreases with small apertures. The QM signal not only

depends on aperture size but also on exposure time, dip angle and locatio..

In general, the signal deczeases with increasing dip angle (out to the angle

where the wall backscatter begins to increase) and with increasing distance

from the thruster axis. To detemine the magnitude of the Q(?4 signaland

hence, aid in the final choice of collimator aperture angle, a series of tests

was run in the SEP facility with two tres of QOC collimators at various

locations. The collimators are identical except for the aperture angle, which

is 200 for some collimators, and 00 for the remainder. A perspective

view of the 00 aperture angle collimator is shown in Figure 18. The

Q(1I crystal is exposed to the main collimator through a 0.8 cm square h.ole

cut in the center of the collimator backplate. The front face of the

collimator is circular so that the aperture angle remains constant over the entire

width of the collimator slice. This width is set at 100" to include

the entire width of the PPr plume and yet not over expose the regions outside

of the plume which would contribuze to the observed wall-plume backscatter.

The radius of the curve front is 8.0 cm, exactly 10 times the QCM electrode

width; hence the penumbra angle for the 20c collimator is 16_

and for the 00 collimator is 5.70 (.e Table I).

Six collimated QXMs were mounted in the thruster nozzle exit plane in

a rectangular array as shown in Figure 19. The three rows of two QO4s each

were placed 48 cm, 63 cm, and 78 cm from the thruster axis, respectivel. 
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All the collimators were set to view along a line cutting the thruster axis

at a dip angle of 600. The two QG4s at each radial location were expected
to be insensitive to their slightly different azimuthal positions due to the

measured plume symmetry about the thruster axis. As will be seen, this assump-

tion is acceptable within the error of the measurements. In Figure 19, QCM

numbers 3 and 5 had the narrow 00 collhnators while QCM numbers 1, 2, 4

and 6 had the 200 collimators.

In the SEP facility, the PPT thruster was fired downstream towards a large

LN2 cooled steel target at the end of the tank. This target can be rotated

about a horizontal axis, perpendicular to the thruster axis, and thus, was used

to vary the tank backscatter characteristics during the test. In addition, the

Q04 array was in place during the previously discussed plume Mylar target test,

and data was taken during this test. The results of the QGI collimator

testing are shown in Table II for the six QcMs and the various test conditions.

The positions and dip angle of the collimated QvIMs were chosen to minimize

the plume-wall backscatter effects on the observed data. In the SEP facility

it is clearly impossible to eliminate the backscatter, and the data of Table II

can be used to determine the magnitude of the backscatter effect. The data

taken with the plume Mylar target in place is generally about a factor of two

larger than the data taken without the target, indicating that a large fraction

of the plume is being backscattered by this target. This backscatter increase

is essentially independent of QGM collimator aperture angle, but does seem to

increase with increasing Q4 radial position. The downstream location of the

Mylar target was chosen to be approximately at the location of the NULTRAP

- _53-
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wall when the thruster is installed in the MJLSINK facility. As will be seen

in the following sections, the measured backscatter in the MJLSINK facility,

for otherwise identical conditions, is roughly a factor of five less than the

Mylar target backscatter, indicating that the cryogenic-anechoic walls of the

MOLTRAP do provide an improvement in the backscatter levels of the PPT thruster

discharge.

Figure 20 shows a plot of QCM signal versus the tank target tilt angle for

the various QCM radial locatiois. As can be seen, the data taken at the larger

radii depends strongly on this tilt angle, indicating that, except for the

data taken at 48 cm, the tank backscatter is affecting the Q(4 signals. This
-I/

data also indicates that a target position of 450 minimizes the Qait

signals and hence the wall backscatter. Figure 21 shows the QCM signals

plotted versus radius for a target position of 450 . As can be seen, for

smaller radii, where the plume-wall backscatter is presumably a minimum,

the data drops with increasing radius. A comparison between the large and

small collimator aperture angle data indicates the expected drop in signal as

the aperture angle is reduced; however, the small aperture angle data is still

wc 1 above of the QCM resolution, indicating that the 00 aperture can be

used in the NULSINK PPT thruster backflow measurements.

3.2 MOLSINK Test Configuration The PPT thruster was mounted in the MJLSINK

facility in a manner identical to the installation of Phase I of this investigation,

I ! % .supported by a shaft entering the NULTRAP through the upper MJLSINK doors.

This shaft allowed the thruster to be rotated about its axis, so studies of the

azimuthal plume behavior could be made. The thruster fired directly down to the

PE
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lower MOLTRAP wall from the nozzle exit plane set 4.8 cm above the ?4OLTRAP

horizontal midplane. The thruster power and control leads were fed into the

MJLTRAP through the upper MOLSINK doors and down along the support shaft to

the thruster.

Eight collimated QOIs were mounted in pairs, in four rows, 38 cn, 54 on,

70 cm, and 86 cn from the thruster axis, respectively. A pair of QC~s was

used at each radius to provide some redundancy in case of failure and to increase

the measurement accuracy. Each pair was mounted perpendicular to an LN2 cooled

support pipe running radially outward from the thruster axis. A diagram of one

collimated QC(4 pair is shown in Figure 22. The Q04 collecting electrodes were

placed 16.0 an apart to leave room for the curved front faces of the collimators.

A 0.8 cm square hole was cut in the QCM faceplates .ich were mounted rigidly

to the Q(C4s. The collimators rotate about pivot points at their outer ends

and are controlled via a linkage to the outside of the MU1LSINKC tank. The

aperture angle was set at 0°; hence the total viewing angle including the

penumbra is roughly 120. rhe QGls were rigidly mounted to the support

pipe to prevent problems with movement of the electrical leads at low

temperature and to provide adequate thermal ccnduction to the central LN2 cooled

support shaft. Because the normal to the QaIt surface was fixed, while the

collimator axis was free to rotate to various dip angles, a correction to the

measured data is necessary. This correction consists of multiplying the mea-

sured QGI fluxes by the cosine of the angle between the QO.I normal and the

collimator axis, and accounts for the change in QC4 collecting area perpendicular

to the collimator axis.

-- 8-
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Figures 23 and 24 show views of the completed array taken from the side

and b low; and from the side and abo e, respectively. The collimator

apertures can be seen as 0.8 n wide slits in the curved front faces of each

collimator in Figure 23. Each QGI and its associated electronics box (mounted
on white Teflon insulators) can be seen in Figure 24. Each QWI is shielded aron Im
the sides by Kapton sheet; however, for the photograph of Figure 24, the Q04

on the far right is unshielded so that its mounting can be observed. Also in Figure

24, the linkages connecting the collimators together to control the dip angle

can be seen. These linkages consist of 900 pivot arms connected with

lengths of smaller diameter steel tubing. The main link connecting the collimators

to outside the tank can be seen in Figure 24 extending up and out along the

large diameter support pipe to the right of the picture. Using these linkages,

the dip angle of the collimators in the array can be set anywhere between 00 and
60

Figure 2S shows a schematic of the Q0l array mounted in the MDLSI-

chamber. The plane of the array tilts downward away from the thruster at an

angle of about 130. This tilt is required so the outer radii collimators

can see past the inner ones at small dip angles. The entire array is motted

on a slip ring tied to the central thruster support shaft above the thruster.

This allows the array to move axially with respect to the thruster over a

range of roughly 43 cm. The axial position of the array will be 1
identified by the axial position of the QGNI electrode face closest to the

thruster, at a radius cf 38 cm. This Q04 can be positioned anywhere from 12 an

upstream to 31 cm downstream of the PPT nozzle exit plane.

-60-IM
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The IN2 cooled support pipe for the Q(N array has a smaller steel tube V

installed inside it, through which LN2 is force fed to the lower end of the

pipe. The IN2 returns upward out of the tank through the annular space

between the two tubes. Throughout the following experiments, this cooling

system was used to maintain the array QO.! temperatures at approximately -19 00C.

Duiring the actual data taking phase, this temperature was kept constant to

within_ 10oC, to insure that the QCM frequency shifts were not due to temperature

fluctuations.

In order to accurately measure the total plume-wall backscatter over those

areas of the I4)JSINK wall observed by the array Qais at small dip angles, three

additional pairs of umcollimated Q0.4s were mounted on brackets on the M)LSMIK

wall. Figure 26 shows a photograph of one such bracket, which is L-shaped with

a V-shaped cut in its vertical leg for mounting on a }I)LTAP fin. The fins in the

?4)LT.AP run vertically from the top to the bottom of the tank; hence iwhen installed,

the Q(1s on the bracket extend azimuthally away from the bracket's vertical leg,

around the MDLThAP and thruster axis. The front plate of the QM4 itself has

a 0.8 cm hole in it such that the Q(x electrode observes the volume subtended

by a 540 half angle cone around the electrode axis. The bracket cross-section

was designed to provide adequate conduction cooling of the QCNs to the -MITRAP

wall. In fact, this cooling was great enough so that the (PNs had to be heated

with their internal temperature regulating resistors in order to maintain an

operating temperature of -190 0 C. Aro QCfs were installed on each bracket tc .ro-

vide redundancy. As shown in Figure 25, the brackets were installed on the

MDt)LTPAP wall at angles of 450, 600 and 750 fro. the WUI.TRAP axis, refere.me

from the tank center point.
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In order to insure adequate temperature control of the test assembly,

a number of thermocouples were placed in sensitive locations throughout the

MOLTRAP volume. Each QOVI and its associated electronics package was

individually monitored, and if necessary, temperature regulated with feedback

controllers. The internal temperature of the thruster was continually control-

led and maintained at 20-260C at all times to prevent the oil-filled ca-

pacitors from freezing. Finally, the lower 1WOLTRAP door was monitored to

insure that the PPT plume did not materially affect the temperature at this

location.

3.3 NJLSINK Backflow Test History The PPT plume backflow measurements

using the previo,,, described test set-up spanned a period of approximately

three months, with over 700 hours of accumulated facility operation. A

typical test sequence started with sealing the outer M.LSINK doors and pump-

ing down both the inner and outer vacuum chambers to approximately 10 torr.

During the entire process, the QCM electronics and the various thermocouples

were continually monitored for acceptable operation. Once a low enough

pressure was established, the LN2 cooling of the guard vacuum walls was

begun, and the inner chamber was isolated from the outer one. Finally, the

glie flow was started, and the facility was allowed to come to thermal equilibrium

at an inner chamber pressure of about 10 1 torr. The thruster was then

started at a nominal rate of one pulse every 20 seconds, and the facility ias

allowed to equilibrate again at an average pressure somewhat greater than

-1210 torr. Attempts at measuring this average pressure using a vacuum

discharge gauge failed due to the PPT discharge interference; however an

-66-
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upper bound on this pressure was determined to be about 10 torr. Once the

entire test set-up reached this equilibrium pressure and temperature, data

was taken with the QCM diagnostics. Except for interruptions due to

mechanical problems with the test set-up or the MOLSINK facility, the test

was run continuously until sufficient data at all axial positions and collimator

dip angles was accumulated.

Prior to the first backflow measurements and with the PPT thruster

not operating, the output frequency stability of the test array Q01s was

measured. With the thruster not operating, the QCM mass accumulation rates

are zero; hence the output frequency should be constant with time except

for drift due to temperature variations. This drift was monitored for a

six hour period and was found to average less than 0.6 1Hz for all the test

QCMs. The worst drift was found to be 2.0 H1z; hence to insure the accuracy

of the Q(N mass accumulation measurements ,the total frequency shift for each

backflow data point should be greater than 10 times this value or about 20 Hz.

The collected backflow data was measured over an exposure time sufficient to

accumulate this minimum frequency shift, except when these times became

impractically long.

Using the collimated QOI array, backflow data was taken at three axial

locations, as measured by the axial position of the QG.s on the array closest

to the thruster axis. These QC4s were positioned at 11.1 cm upstream, 2.54 cm

downstream, and 30.5 cm downstream of the PPT nozzle exhaust plane. At each

of the axial locations, data was taken at various dip angles from 0' to

p 60'. Some typical QCM output frequency signals are shown in Figures

27 and 28 versus observation time. Both the output frequency and time are

Li 2 .
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referenced to zero at the beginning of the particular observation. Figure 27

shows an example of typical data taken at either of the two downstream axial

locations and for the large dip angles at the upstream location. The slopes

of these data were calculated using a linear regression analysis and then

used to calculate the QCN mass accumulation rates by multiplying them by the

Q(24 calibration constant and dividing them by the thruster pulse rate. The

error in the calculated slope of the data is equal to the square root of one

minus the square of the linear regression coefficient 41-1). For Figure 27

the correlation coefficients are around 0.999; hence the errors are very low.

Although one of the data sets shown in Figure 28 is less accurate, the slope of

these data is also estimated by a linear regression analysis, as before, except

now the correlation coefficient is low and resulting error is large.

Once the QC4 mass accumulation rates were found from the frequency shift

data, they were corrected for the difference between the collimator dip angle

and the QCI4 surface normal, as previously discussed. The final results arc

shown for the various axial positions and dip angles in Table III, along with

their individual regression analysis correlation coefficients in parentheses.

Q74s 1 and 2, 3 and 4, S and 6, and 7 and 8 are each at virtually identical

locations and were expected to give identical results. As can be seen, the

data from the individual QCNs in these pairs can vary by as much as 50%.

This variation is not consistent, but in fact, changes with dip angle and

axial location. Aithough the azimuthal separation between the QQ4 pairs

is small, this may be the cause of the signal difference.
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-2 -1TABLE III. QQM Array Mast. Fluxes (10 - pg-cm - pulse - )

Radius

Axial Dip 38cm 1 54 cm 70 cm 86 cm
Position Angle i72__ 3 _ 4 __6_7 i 8

30.5cm 203. 217. 21.9 28 9.56 10.9 30.9 118.9
idown- (.992) (.993) .984)i(.974) (.920) (.872) (.936) (.965)

stream 160 179 179 I 38 147.9 29.5 25 35.3 1 33.8
(.998) (.998) (.992) 1(.991) (.986) (.990) (.992) '.990)

240 114 120 126.8 37.7 16.7 21.5 31.8 26.9

(.998) (.998) ((.996)1 (.994) (.994) (.979) (.995) ((.990)
400 80.9 181.6 44.0 57.1 24.1 44.7 43.7 32.2

(998) (.999) (.996) 1(.997) (.983) (.987) (.994) ( . 9 73 )

2.S4cm H8 74 14 1L -

down- 0 8.~8) 1. 779 6.65 ~6 45) I A9) t
stream 120 13.8 20.9 18.0 110.6 3.57 3.58 5.63 5 61

( .999) 999) ((.998) (.998) (.991) (.991) C.997) (:996)

98" 9 H7)" (.96 " ) (.999) (.996)
240 0?98 ) "~7 7~97It~) ~ )5 .

360 8.92 12.5 5 6.98 ,4.58 5.32 9.CS 8.71
16 1.2 3 5.85 2 190

(.999) (.999) (' 998) (.998) (.997) (.996) (.99) i 999)

40 828 04)16.3 17. 1 54SS 6.Q 4 0 ~(98 t I04
480 9 ~ 98 _(.9 6) (1987) 996)t§9) 97

600 9.73 16,2 17.36 9.73 4 7.36 14.9 16.2

(.970) (.982) !(.948) (.966) 1 .894) (.866) (.986) (.997)
00.cm 1.95 10.8 26.3oo(26.3 1 63 307 V

upstream I(.478) (.945) !(876) (.923) :26) (.853) t:891 NO)

180 118.4 17.3 1.2 117.0 - i 4.42 10.5 12.
2 (.997) (.99 ) :(.904) (.982) .718) (.965) (.946)

360 2-9 I z I S .7)

,) *7 .;8 ) , 46 ,6) : t 9
_9 -04 8.0) 8 7 * 5

600 18 :?92 !9)

______G §_____I .6) I 98) V752 i(749 34)3
11.1cm 00 7 5.36 !10.6 12.4 00- 1 4.91 18.07 18.87

lUpstream (.:998) (.997) '(.984) 1.959) (.811)((.972) (.877)

Lpta In. 9H,5 t.9s)

240 23.2 15.7 ll 0 )12.0 6.32 18.76 8.65
(.999) (.997) !(.998) 1(.996) (.994) (.991) (.986)

uster 360 ."?

(.~~~92)~ 9.79 14) ~)~~6 ~
rotated 9)09 6)I . .2

600 12.7 10.8 1. 9 i4 F 72 3 04 1 16.7
(.990) (.960) ' 11,348N 1 (.718) (.806)

- . _ __ __ __



To check this possibility and to determine if the measured backflow has any

significant azimuthal dependence, data was taken for two thruster azimuthal

locations separated by 900 for the upstream array axial position,

as shown in Table III. Figure 29 shows the data taken from the QG pair

at the 38 ci radius plotted versus dip angle for the two thruster azimuthal

positions. As can be seen, the different data points do not vary in a consistent

manner, indicating that the scatter is primarily due to random variations in the

measurements. The data taken at the remaining three radii, 54, 70, and 86 cm,

behave in a similar manner and indicate that within the measurement error,

the backflow is azimuthally uniform. Hence, the variation in data between

each Qal of a given pair will be taken as due to random error, and the two

signals will be averaged for the upcoming backflow analysis of Section 4.0.

During the backflow measurements of Table II1, the plnne-mall backscatter

was monitored continually with the three QCM brackets shown in Figure 25.

The data from these Q01s was found to be independent of the array axial

position and QCM collimator dip angle, as it should be. More importantly, the

data was also found to be independent of the thruster azimuthal position, as

expected from the plume symmetry data of Section 2.0. The data taken with

these QQ1s is shown in Table IV, with respect to the bracket angular displace-

ment from the M)LSINT center axis.

The second QQGM at the angular position of 75°  failed soon after tbst

inception, so onl) one datum is available at this location. The data

at the other two locations shows a self-consistency similar to that found with

the collimated array Qcms, a-ud thus will simply be averaged at each location

for the final data analysis to follow.
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TABLE IV. Backscatter Q0~1 Mass Fluxes

QCM bracket angle Mass Flux (pg-c, -pulse)

450 5.18 X 10

450' 5.46 x jo0

600 2. 97 x 10~

600 1.51 X 10~

750 1. 09 X 10~

3.4 Summnary Based on the experience gandduring the Phase I segment

ofl the PPT plume characterization' 6) and following a series of tests in the

SEP vacuum facility, an array of collinated QC1S, was designed and bDUilt to

measure the PPT plume backflow. Thc quality of the design was evident in its

trouble free operation at LN, temperatures arid in the relative accuracy andU

Cofsistelc)- of the output data. Although this data behaves in a Irianner some -

-= i~~dwat different than was expce (cmaeFgur 29t igure 1), the error

bars on the data are small enough to deterine approximate signal variations

with array axial position and collimator dip) angle 'see Appendix j.i I
general, these variations indicate that at greater axial distances un-streari

of, and at greater radial distances away from the thruSter nozzle exit iarea,

_the QL11 signals decrease. In addition, these signals generally increase with

dip angle at d ffering rates, presnablv ee- ~ n on~ the relatilre d~ia

of the pltme backflow or the plume-wall backs(_atter. Further interpretationIof the data must await the more detail analysis of the next section to more

fully distinguish between these two sow. zes of Q01 signal.



4.0 BACKFLO|W TEST DATA ANALYSIS AND MO)DELING

During the design and operation of the collimated Q011s described in the

previous section, the ultimate requirement for a relatively complex analytical

reduction of the data was always considered. The use of a collimator to separate

out the effects of the plume-wall backscatter leads to the requirement that, for

useful results, the geometric effects of the collimator must be removed from

the measured data. In addition, the contribution of the plume-wall backscatter

must be estimated to insure adequate resolution of the actual plume backflow.

Using this analytically corrected data, the total backflow flux through a

reDresentative area *,as calculated by integrating the data over the collimator

dip angle. Finally, an attempt was made to reduce the data to the form

of a scattering source function in the thruster plume. It was hoped that tis

source fruction could Iv used to extrapolate the calculated backflow fluxes to

regions outside of the measurement area.

4.1 Wall Backscatter Correction Since it has been concluded that scattering

from the plume has near azimuthal synietry, the average signals from the

side-by-side mounted Q(N pairs are used for this analysis. The pairs are

located at distances 38, 54, 70 and 86 cm from the PPT plume centerline and

are labeled A, B, C, and I), respectively. The position of -pair A relative to the

PPT exit ni.uMe is a' "'hile succeeding pairs are cach offset 3.6 c- donstr au.=.

el]:it ive to their preceding pair (see Appendix 2). The results of the wall backscatter

.easurements are considered by calculating upper bound corrections (assuming no

attenuation) to the array Q Q! signals. Let the position on the clliptical tank

wall be given by the angle f fro.r the tank and PPT centerline (igure 301.

-
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The wall scattering is assumed to vary as the cosine of the angle, E, from the

wall normal; reduction of wall QC-I signals to intensities is discussed in

Appendix 3. The wall QC-I were placed at T=450,600, and 75c; and the measured

results are presented in Figure 31. The normal intensity varies exponentially with

respect to the angle T. (The plume center value indicated by the intersection of the M

straight line of Figure 31 with 'i=0 is consistent with the Phase I measurenment.) The

wall intensity as given in the figure is used as an input source to calculate the array

Q(Y signal contributions assuming that all the particles leaving the wa1 in the

direction of a given QC reach it. Details of the effect of QGI geometry and location

on this calculation are found in Appendix 4. The array QNI pair data and upper bound

wall backscatter corrections are presented in Table V. For dip angles greater

than 400, the upper bound correction is considerably larger than the QOM. signal.

This means that there must be considerable attenuation of the backscattered

wall flux (by nearly an order of magnitude) and that collisional effects in the

plume are important. Since the attenuation is an unknown, that part of the

QDI signal due to plume backflow (total signal minus wall backscatter) cannot

be known for the larger dip angles. Only QC74 signals whose upper bound corrections

are comparable to or less than the signal may be treated as plume backflow.

This reduces the total number of useful data by about 20'

4.2 Backflow Flux Collimator Correction and Integration The QOI signal results

from collection of particles over a solid angle defined by the aperture of tne

collimator and over an area defined by the opening in the back of the collimator.

Division of signals (in mass rate) by the solid angle-area product gives flheir

intensities. Total flux through a reference plane can be estimated by integration -

k over angle of the product of intensity and the cosine of the angle between the

I7
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TABLE V. QUM Array Has 'luxes and Backscatter Corrections

] ata Point Za(Cm) )ip Angle (o) QGNI Pair QCM Signal (P'uise) Correction (Pulse)
1 -11.1 18 A 7.18E-5 6.55E-6
2 18 B 5.89E-S 8.25E-6
3 18 C 1.78E-S 1.05E-5
4 18 D 4.56E-5 1.30E-5
5 26 A 9.27E-5 15E-5

6 26 B 5.44E-5 1.53E-5
7 26 C 2.77E-5 1.97E-5
8 26 D 3.3113-S 2.S2E-S
9 36 A 7.54E-5 2.25E3-5

10 36 B 3.97F-5 3.02F-5

11 36 C 2.61E-5 3.95E-5
12 36 D 4.56E-5 5.07E-5
13 60 k 5.89E-5 7.76E-5
14 60 B 3.79E-5 1.OOE-4
15 60 C 2.61E-5 1.25E-4

16 60 D 5.56E-5 1.35E-4
17 2.54 0 A 8.91E-5 2.06E-6
18 0 B 2.00E-S 2.76YE-6
19 0 C 6.53E-6 3.29E-6

4 20 0 D 1.31E-5 3.90E-6

21 12 A 6.85E-5 6.62E-6
22 12 B 68E-S 7.96E-6
23 12 C 1.41E-5 9.70E-6
24 12 D 2.22E-5 1.17F-S
25 24 A 5.48E-5 l.49-

26 24 B 2.71E-5 I 1.9' S
27 24 C 1.901-S 2.45H-,
29 36 A 4.19E-5 3.13E-F)
30 36 B j 2.5o21-S 4.1 1F-5

31 3C C 1.9SE-5 5.301- s
32 36 D 3.50E-5 6.705A SgE-7 *9

", +33] 48 9E 5" r -5
-). 79..-

3448 B 2.76E- 7.60
35 48 C 7 241-" 9.71F-5

30 48 D 4.15E-5 1.20E-4
37 60 A 4.19E-5 9.33P-538 j60 B 2.76E -S I 1.19E-4
39 60 C J.98E-5 1.45c--4

_4 D 5.04E-5 1.42E-4

-79-A, 1



TABLE V. (cont t d)

I ata Po i nt Za (cm) D~ip Angle () QCMN Pair jQCAI Signal (Pulse) Correction (Pulse)

41 30.5 0 A 7.74E3-4 6.92E3-6
42 0 B 9.40E3-5 7.64E3-6
43 0 C 3.79E3-5 8.58E3-6

=44 0 D 9.2313-S 9.73E3-6
45 16 A 7.18E3-4 2.0113-5

46 16 B 1.72E3-4 2.45F-5
47 16 C 1.09E3-4 2.971-5
48 16 D 1.38E3-4 3.57E3-5
49 24 4.72E-4 3.19E3-5
s0 24 B 1.30E3-4 4.01E3-5

51 4 7.70E3-5 4.95E-5
52 24 D 1.18E3-4 6.03E3-5
53 40 A 3.14E3-4 6.94E3-5
54 40 B 1.9513-4 8.8713-5
55 40 C 1.:3E-4 1.11E3-4
56 40 D 1.47E3-4 1.36f;,-4



intensity direction and plane normal. Tnis procedure is detailed in the

following discussion. Since intensity variations transverse to the plue are

not determined by use of the slit collimator geometry, only variations with

respect to the dip angle can be calculated. Details are given in Appendix S.

The slit admission angle is 0.1 radian or 5.73' .  Transverse-mean

-i -2
intensities (pg-pulse-' -cm -rad 1 ) are given in Table VI (QGI location and

dip angle may be found in Table V). Nonmal fluxes through a plzme parallel to the

Q0 I array holder which tilts at an angle of 12.70 are estimated (Figure 32). The

angle a=(1 2.7 + dip angle) is that from the plane surface and sin a is equal

to the cosine of the angle from the normal, thus the partial flux

F(a) = (a) sina da

where I is obtained from Table VI. Plots of the integrand and a similar expres-

sion with the upper bound wall backscatter correction included are given in

Figure 33 for a typical QGI position. For -his case, the unvcertainties in

net plume backscatter do not permit integration beyond an angle amax of about

450 . Partial fluxes and the associated value- of a are listed in Table VII.

Values were obtained by graphical integration. It was noted that in the range

25; , 50, partial flux F varied approximately as a- for those cases of

larger aax" This behavior suggests that the partial integrals for small x

may be extrapolated to larger a-_x valves, A 3east sqiare curve fit of the form

F k i(ax ) 2 /r p

with axial variations removed through division by the r=54 cm values gives p-2.
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'PABL, VI. Backflow Intensitis

Data Point Intensity (jig-pulse l - a n -rad )
1 1.79E-3
2 1.47E-3

4 4.43E-4
1.13E-3
2.30E-3

6 1. 35E-3
7 6.88E--4
8 8.22E-
9 1.92E-3

10 1.O1E-3
11 6.66E-4
12 1.16E-3
17 2.39F-3
18 .37E-4
19 1.751-4
20 3. -521-4
21 -13v3

22 9.28E3-4
23 3.56E-4
24 5.60F- 4
25 1.36E- 3
26 6 72 -4
27 4.71F.-4
28 6.431E-4
29 1.07F3-3
30 6.43E-4
31 4.97E-4
32 8.93E 4
41 2.08E-2
42 2.-5

1.02E-3
2.48E-3

45 1.79E-2
46 4.29--3

2.72E-3
48 3.44E-3
49 1.17E-2
so 3.23E-3

1.91E-3
52 1.93E-3
53 8.17E--3
54 5.071-S 3

3.46E--N
56 3.82E-3

-82-
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MOBLE VII. P'ltiie M~ckflow Results (X 10- hig-em -pulse)

max

Arr:,v 0CM Radill.;

4IOIjfI38 a cm S47( cm 70 an 16c

30. 5cm 54 15 3.45.

Dflwnst re,111i (540) (540) (360) (360)

2. 5 anr 4.2 11.2 1 .12 .33
I~wsrem I(440) (340) (220) (260)

11.1 cm 6.3 14.4 .83 i1.4

Uptem(S40) (450) (300) L'(36')

(The flux at r-38 cm for the upstream position is probably low due to partial

screening by the Pn'). Using p=2, the coefficient k(z) can be estimated.

Results are (a in degrees):

Axial Position ::k Standard Deviation
(cm (iig-pulse 1 -degree-) (,ig-pulse -- degree)

30.5S 2.09 Xl in, 8.2 x10-'

2.5 2.75 x10 1.0 X 10
4 -4~ll1 .49 x10 :1. .X 10

Pe ac osition the R-S error iLS slightly below 40- . Th ough fit- gives

__consistently high fluxes at r=70 cm and consistently low flJuxes at r= R,,. UsingI - the a-bove 1, to remove the mean axial dependence of thle prilfltuxes and using



2
the assumed a variation to shift the fluxes to ama=500 values, the radial

dependence and data scatter are shown in Figure 34. Although another radial

dependence could give a slightly better fit, it is felt that inaccuracies in

the data and in the extrapolation procedure do not make a more stringent curve

fit necessary or desirable.

The plume expansion angle is approximately 350 , thus the direction

parallel to the plume boundary is approximately a=1400 , giving I=0 for a > 1400.

It may be expected that the intensity drops to small values at somewhat smaller

values of a and that its maximum is somewhere in the region a = S00 or slightly

larger. Intensity plots support this conclusion. Total fluxes may be estimated

by multiplying the ax= 500 values by a factor of two or three.max

4.3 Source Function Studies A limited attempt has been made to numerically

estimate the plume source function needed to duplicate the measured intensities.

A simple model b2sed on a linear combination of source elements is assumed. The

QG1 readings can then be represented as a known vector, equal to the product of

an influence matrix containing Q01 and source geometry effects and an unknown A

sdirte coefficient vector. The source vector can be found by a powerful general-

ized matrix inversion technique known as singular value analysis. Unfortunately,

the linear source model was found to be inadequate in that there was a marked

tendency towards partially negative sources. Also, a volume source distribution

in the plume was, at best, not very accurate. (This is not too surprising since

the model does not explicitly consider attenuation, which has been found to

M be importnt for wall scattering fluxes .) Nextrtheless, the attempt produced

-86-



1.00

0a 50x

0.6-

x0
0

-j00

IL

-- 2

-

-J 0

00

0

0.0

30 50 70 100

EEL RADIUS, cm

igr 34. Backfiow Flux Ra&-il Profile



soie qualitative information and indicated the type of approach necessary for

a possible source calculation. The model and its results are described briefly.

A given source element (volume or surface) may be totally unscreened

from the collector opening by the Q(T4 aperture slit, or may be partially screened,

or may be totally screened from the QCN collector. The corresponding viewing

regions of the QC1M collimator are labeled illuminato, penumbra and umbra (see

Figure 16). For the second case of the penumbra, the collecting area is the

overlap of the collector opening and aperture projection on the QCM plane,

Figure 35. Calculation of the area involves considerable algebra; details

are given in Appendix 4. The source element is assumed to contribute to a QD1

signal an amount proportional to the element strength times the solid angle of

the collecting area relative to the element. The first effort assumed constant,

isotropic sources in rings of given radial and axial intervals (for example, HW

Figure 36 shows a cross-section of 30 such rings). An influence matrix element

describes the not effect ofa gie igo.ni tegho a particular QGN~.

This is calculated by dividing the ring into small pieces of Size Lr x Ao x z.z,

calculating the collecting solid angle of the centroid of each piece, and sunning the

calculations over all volume pieces. Denote the QW1 signal by R, source

strength by S, solid ang.e by ., volume by V, then

.- M. S., i>j .

i f" S'.) N - V AfI
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The S-vector is to be found as a least square fit, i.e-, to minimize the residue

2defined as x .R. - ". .. Sj). This is done by decomposing matrix M into

[M] WJ IDI IV]'

where U and V are orthogonal matrices of eigenvectors of [i [MIT and fT[M],

respectively, and I) is a diagonal matrix of nonincreasing quantities 1;mou as

the singular values of M. Then

(S) IV] [DI uT(R)

is easily found. The ratio of the first (largest) singular value to smallest

vnonzerv value is the condition number for M. If the log of this number is

larger than the number of significant digits in the input matrix, the smallest

value represents numerical noise and should be nulled. A study of the behavior

of the residues of the sequence of solutions obtained by successively nulling

ever larger singular values enables one to make judgments on the accuracy of

the input and to select the proper solution vector from this sequence. Singular

value analysis can be used to handle ill-conditioned matrices; this capability

_- was found necessary for this particular problem.

The calculated source functions were invariably negative for the larger

radii rings in the %,.me. Best results were for narrow (plume angle 150 or less)
sources with only an axial variation and with Qt) signals normlized to unitye

(relative fit). Minimum deviations were larger than 100"0 MMS. This is probably

17 =due to attenuation effects in the actual situation.

Since attenuation seemed important, a second effort to calculate a source

distribution was made by assuming a surface source near the PPT plume edge

1(see Figure 37) -Te source flux vector was defined in a coordinate s-stemI made up of a surface normal vector, n, a surface vector thrmgh the source cone

I F Ol-1
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vertex, p, and a surface tangent vector, q, in the direction. Quadratic

BF, variation with respect to axial distance and direction angles (o, ) was assumed.

Although a fit with as low as 25% PAS error was possible, again the problem

of a partially negative source distribution occurred.

The results indicate that if any further attempt at a source calculation

be made, then a nonlinear procedure should be adopted. A surface source function

should be chosen dependent on position, direction, angles, and parameters a, b, c,

such that it is nonnegative for all values of the parameters (nonlinear in

parameters). Q(M signals result by integration over solid angle and surface.

The value of the parameters may be found by finding a minima of the residue

using Newton's method. The difficulties that may be expected with this method are:

(1) Selection of the form of the source function. There is little

physical basis for a selection procedure.

(2) Selection of initial values of the parameters. Particular initial

values may yield a local minima but not a global one.

(3) Stability of the calculation. M

4.4 Su mary The relative complexity of the previous analysis is due in part

to the planned sacrifice of analytical simplicity in favor of experimental

simplicity. Several experimental design features were corrected for in this

analysis, including the use of slotted two-dimensional collimators and fixed

QCMs mounted separately from the collimators. Despite these complexities and the

error bars on the experimental data, a reasonable estimate of the total plume back-

flow from the plume region close to the thruster was obtained. Throughout the

analysis, conservative assumptions were made where necessary, in order to arrive

at an estimate of the backflow which, at worst, is too large. Although the attempts

at modeling this backflow in terms of a distributed source met with little success,

a possible method was identified which may prove feasible with further study.



5.0 NOZZLE DESIGN STUDY

The existing rectangular ceramic nozzle on the PPT was designed to

help control the radiated EM! from the discharge and to minimally interfere

with the plume flow (13 ). The results of the plume studies of section 2.0

suggest that the PPT plume has a large component of neutral species, which

would be unaffected by the electric and magnetic fields of the discharge.

The expansion of this neutral plume component downstream of the discharge

chamber may be strongly affected by the nozzle design; and hence an appropriate

nozzle may serve to reduce the neutral plume backflow. To determine if this

hypothesis is correct, a new nozzle was designed, installed or. the thruster,

and tested in the M)LSINK facility with the collimated Q(7 array for any

changes in the plume backflow between it and the original nozzle.

One of the primary difficulties with using Q7s to measure the mass flLx

rates in the PPT plume is in their inability to resolve the plume mass flux

versus time during a single discharge pulse. In addition, some questions

exist as to the accuracy of the QCM measurement (see Appendix 1); and hence I
if would be desirable to have an aiternate method of measuring the plume mass

fluxes as a way of corroborating the Q31 results. One possible method which may

prove useful is the use of Faraday cups to measure the charged particle flux

in the plume. During the testing of the new nozzle in the MDLSINK facility,

a Faraday cup was installed, and its usefulness and accuracy in measuring the PPT

K' plume were assessed.

5.1 Nozzle Design, Installation and Test The original nozzle on the PPT

expands at a half-angle of about 150 to a final exit area of approximately
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11.5 x 16.5 cm. A straight segment of about 1 cm in effective length is

mounted at the plume exit to provide mechanical ,inforcement of the nozzle

joints which are simply epoxied together. To minimize the ablation of the

nozzle surfaces, the nozzle was fabricated from a high temperature ceramic

(Mykroy).

Based on the measured plume expansion angle of 30-40 ' (see section

2.0), the new nozzle was designed to expand at a half-angle of 30 O in

both the vertical and horizontal directions out of the PPT discharge chamber.

This new nozzle '11 hereafter be referred to as the 300 nozzle. The final

exit area of this nozzle is a rectangle 19.6 cm wide by 25.6 cm high, giving

it an area roughly twice that of the original nozzle. This larger area was

intended to expand the plume neutral component to a pressure more nearly equal

to the vacuum environment, and hence reduce the backflow around the nozzle

exit. Figure 38 shows two cutaway views of the 300 nozzle drawn with solid

lines and superimposed on the original nozzle drawn with dashed lines. The

side view is a cutaway view in the plane containing the plume axis and a per-

I pendicular line connecting the electrodes, while the top view is a cutaway

view in the plane containing the plume axis and a perpendicular line connect-

ing the side-fed 'Teflon propellant bars. To further reduce the backflow

with the 300 nozzle, a flat pate shield was attached to the outer lip of the

nozzle. This plate extends outward to the dimensions of the thruster aluminum

penclosure, approximately 38 an square. Figure 39 shows the 300 nozzle and

shield installed on the thruster w ith supports on each corner. Figure 40 shows

. - -;9 -
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a view looking obliquely upstream into the nozzle throat.

The thruster with the 300 nozzle was positioned in the IM3LSINK facility

with the nozzle exit plane at the same location as was the original nozzle

exit plane in the tests of Section 3.0. The collimated QG1 array was positioned

at the 2.54 cm downstream location and the 11.1 cm upstream position as in the

original nozzle tests,and data was taken for similar dip angles from 0 to 600,

Data was also taken from the QG,1s mounted on the brackets on the

,NULTRAP walls (see Figure 25). All experimental conditions were maintained

as close to those of the original nozzle tests as possible, to provide as accurate

a comparison between the two nozzles as possible. Data was taken over a two week

period during which over 260 hours of facility operation were accumulated.

Table VIII shows the results of the collimated QCM array measurements tabulated

for the various array positions and dip angles. As in Table III, the correlation

coefficients for the data are shown in parentheses and provide a measure of

the error in each datum.

The results of the plume-wall backscatter measurement from the Q1N1s

mounted on the IN)LSINK wall are tabulated in Table IX. Following an analysis

identical to that in Section 4.1 for the original nozzle backscatter, these

backscatter mass fluxes were reduced to intensities and are shown plotted versus

angular location on the MLSIN( wall in Figure 41. Also shown is the data from

Figure 31 for the original nozzle. Although the two sets of data are within a

factor of two of each other and hence, are within the QQf error bar, the

consistently higher data for the 300 nozzle suggests a greater mass flux

-9*



arrival rate at the walls at higher angular locations. This, in turn, suggests

that with the 300 nozzle, the average plume expansion angle is larger than

with the original nozzle, or alternatively that the 300 nozzle-shield

canbinaticn is directing more of the plume material downstream, and thus, de-

creasing the plume backflow. Distinguishing between these possibilities would IN

require further testing; however, some indications that the sec.nd alte-native

is correct will be seen in the following section. _

30° - 2- -l
TABLE VIII. 30 Nozzle Array Mass Fluxes (X 10 -g-cm -pulse )

_ _ _ Radius

Axial Dip 38 cm 54 cm 70cm 1 86 cm
Position e 1 2 3 [ 4 ___ 6 7 . 8_ _

2.54cm 00 18.5 23.7 16.1 9.2 11.4 - 7.0 6.5
doistream (.999) (.997) (.963) (.946) (.930) (.979) (.938) 1

120 19.8 20.4 11.2 12.7 7.2 7.1 -=

(.999) (.999) (.946) (.991) (.986) (.954)

240 19.6 17.3 7.0 9.1 6.3 9.1 10.6
(.999) (.999) (.947) (.915) (.993) (.993) (.986)

360 15.9 12.5 - 13.3 5.8 - 15.7 117.8
(.998) (.997) (.973) (.969) (.981) (.958)I1 600 10.4 8.7 - 15.1 9.3 - 13.3 12.3
(.997) (.997) (.967) (.985) (.983) (.968)

11.lcr 120 9.6 6.S 8.9 9.9 12.0 8.6 3.9upstream (.998) (.995) (.767) (.972) (.984) (.848) (.794)

S260 ° 14.6 i10.0 - 9.6 6.S 16.0 8.9 10.4®
-- (.998) 1(.998) (.925) (.993) 1(.825) (.961) (.948) '!

"360 0.4 6.7 7.5 i8.7 7.3 5.9 9.5 9.9-_!
-(.999) (.996) (.908) (.861) (.990) (.949) (.981) .(.9621 ?-

6° 0° 10O.0 6.S 113.3 8.9 4.6 13.9 13.S:

(.996) (.994) j (.965) (.989) (.602) (.950) (.950)
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TABIX IX. 360 Nozzle Backscatter Mass Fluxes

QCI Bracket Angle Mass Flux (ug-cm -pulse )

450 8.49 x 10-

450 7.13 x 10-4

600 3.88 x 104

750 1.37 x 104

750 2.06 x 10-4

5.2 300 Nozzle Backflow Analysis Using the best exponential fit of the

measured plume-wall backscatter, as shown in Figure 41, corrections to the

collimated QDI array data of Table VIII were calculated in a manner identical

to that of Section 4.1. Using this corrected data to determine the maximum

a allowable dip angle, these data were integrated over the dip angle to determine

the total backflow flux through the QCI array plane (see Section 4.2 and Figure

33) from the plume region between the dip angles of zero and the maximum value.

To insure a consistent comparison between the original and the 300 nozzle,

the rwnxinun dip angle for the individual collimated QCG, s for the 300 nozzle

was taken to be identical to that used in the original nozzle analysis (see

Table VIII). Table X shows the integrated backflow fluxes versus array axial

location and QCM radius. For comparison the backflow fluxes measured with the

original nozzle are also shown along with the values of the m.imurm dip angle

in parentheses.

These tabulated values are olotted versus radius in Figures 42 and 43, for

both nozzles and for the two array locations. The data taken for the 2.54 cm

L-
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TABLE X. Plume Backflow Results for Both Nozzles (X 10 -4g -2 - 1pulse

Array QD I Radius
Axial Nozzle 8 Position 38 cm S 4cm 70 a86 cm

2.5S4cm 30
downstream Nozzle 4.9 1.67 0.72 0.58

Original 4.14 . I§ 0.15 0.37
Nozzle (44c) (34-) (220) (260)

i 11.1 1 300°
original 3.1 2.2 1.4 0.7uptem Nozzle

Original 6.55 4.4 0.9 1.3

Nozzle (540) (450) (300) (60)

downstream array axial location is, within the Q(4 error, identical for both =

nozzles. Conversely, for the 11.1 cm upstream axial location, thR 300 nozzle

has a significantly lower backflw for the lower radius locations. These results

indicate that with the original nozzle, a significant backflow arises between

the dowstream edge of the nozzle and the radius of the closest QCN (38 cm).

With the 30 nozzle and shield, this portion of the backflow is considerably

reduced, leading to the drop in the measured data at the 11.1 cm upstream

position. The el uivalent data at the 2.54 cm dowmstream location indicates

that this deflected portion of the original nozzle backflow is directed d1wn-

stream and not just radially outnrd to the edge of the shield and back up-

I stream. Furthermore, the equivalent data at the 2.54 ca downstream location

suggests that the 30- nozzle does not materially c-ha.ge the downstream plume

flow profiles, and indicates that the shield way have the greatest effect on the

backUlaw.

A
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5.3 Faraday Cup Assessment A Faraday cup collects and measures the charged J_

particle flux to a collecting electrode from the plasmi under study. 'his

collecting electrode sits at the bottom of an insulating cup and is connected

to a large reference electrode directly in touch with the plasma. A screen

grid, placed over the opening of the cup, is normally biased negatively with

respect to the reference electrode to repel the electron flux to the collecting

electrode. The ion flux to the collecting electrode flows through the circuit

and back to the plasma via the reference electrode. The ion flux or current

is measured in the circuit and used to estimate the total mass flux via the

ionization fraction. The time response of the Faraday cup is limited by the

electronics used to measure the ion current, and hence can be made fast enough

to allow resolution of the mass flux during just one PPT discharge pulse.

The purpose oF this investigation was to assess the ability of

the Faraday cup to provide accurate measurements of the PPT plume backflow,

and to corroborate the previous QQI measurements. To this end, a Faraday cup
with a collecting area of 1.27 cm2 was mounted on the MILSINK tank wall in the
PPT nozzle exit plane on the opposite side of the thruster from the collimated

QGvI array. The collecting cup was turned to face directly towards the PPT

axis, so as to observe a backflow mass flux :;imilar to that measured with the

collimated Q01s. Because it was attached to the MDLSINK wall, the Fa-aday cup

operated at a temperature of about 15-20 K.

The ion c rrent t hroh 10 the cup cir'cuit ws measured usilng one

of two alternate methods. In the first method, a 10002 resistor was placed

ii series with the circuit, ,iiid the voltage across this resistor was monitored.

-106-
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The second method used a Tectronics Model 6042 current probe which monitors

the ion current through the magnetic field induced in the circuit wiring, and

thus, interferes minimally with the actual probe circuit. The ion current

was monitored and recorded on an oscilloscope triggered by the noise generated

by the thruster discharge. Figure 44 shows two oscillographs of the ion

current taken under identical conditions with the two alternate current measuring

methods. The ion current measured with the resistor-voltage probe combination

is the obsenred voltage divided by 1000o2 , which is consislent with the peak

current of about 0.8 to 1.0 Mn, taken using the Tectronix current probe. As

can be seen, the Tectronix probe suffers from a relatively small signal to

noise ratio.

fn order to accurately measure the total ion fltLx to the Faraday

cup, the grid bias must be set to repel the maximum number of electrons, and

yet, minimally affect the incoming ion trajectories. To determine the

appropriate value for the bias, measurements were made over a range of bias

voltages from 0 to 100 volts. At 100 volts, the gap between the grid and the cup

would break down occasionally, thus effectively limiting the maximum bias to

this value. 'Te measured ion currents were found to generally increase with

[icreasing bias voltage, while the total ion flux to the Faraday cup integratedI over time varied by no more than a factor of two over the total range of

bias values. This behavior indicates that the higher bias voltages are more desirable;

however, , ithin the oiverall error bar, the value of bias voltage has only a

small effect on the results.
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Figure 44 shows that the ion current to the cup is negative during the

first 30 psec following the PPT discharge initiation. Since the cup is approxi-

mately 1 meter from the PPT thruster, this 30 psec delay is consistent with the

time required for ions moving at 30,000 m/sec to reach the colJocting surface

(see Section 2.0). Following this delay, the current shows a distinct double

peak structure which cannot be due to plasma-wall backscatter since the time

separation between the two peaks is too short. A possible explanation may lie

in the observation by Palt-nbo and Begun of plasmoids (blobs of luminous

plasma) being accelerated off the thruster electrodes. The separation of these

plasmoids was roughly correlated with each reversal of the PPT discharge

current. For the thruster under study, the discharge current reverses once about

1S usec from the beginning of the discharge , implying one plasmoid followed

by a continuous plasma flow. The separation between the peaks of the Faraday

cup data is about 20 to 30 usec and may be due to the differing velocities

of these two plasmoids driven by the decaying current.

The total ion flux collected by the Faraday cup during one pI T

discharge pulse can be calculated by integrating the measured ion current,

over the total observation time. The average flux was obtained by estimating

this integral for several PPT discharges and averaging the results. This flux

11. -2 -1was found to be 2 x 10 ions-cm -pulse , assuming no double ions. Using the

I average atomic weight of Teflon of 16.7 amu for the ion mass, the total mass

flux collected by the Faraday cup is 5.5 x 10 ug-cm -pulse - . The measured

QGI mass flux corrected for the larger aperture of the Faraday cup and the radius

.- . .- -
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of 1 meter from the PPT thruster axis is over 20 times larger than this value,

indicating that either the Faraday cup is not collecting all the plasma ions or

that the actual plasma ionization fraction is so small that the ion mass flux

is only a fraction of tL- total. In either case it appears that the Faraday

cup does not provide an accurate quantitative measure of the actual PPT backflow

flux.

5.4 Sumary The backflow measurements taken with the 30° nozzle on the PPT

confirm the ability of the collimated QCN array to distinguish between changing

mass flux levels and indicate that the overall backflow with the 300 nozzle-

shield combination is less than that of the original nozzle. It is believed

that the major factor in reducing the backflow is the shield and not the

increased expansion angle of the 300 nozzle. The larger plume-wall backscatter

found with this nozzle implies that the mass which previously was backflow is

being redirected -o the outer edges of the primary plume, hvever, it may also

be due to a larger plume expansion angle.

l'ven with the large error on the Q1 backl'!ow flux Pieasurements,

the QC7i still appears to be better than a Faraday cup for measuring this flux.

The Faraday cup is useful in observing the time history of the Ppr' discharge

plume; however, even here there remain some problems in interpreting the data.

During these studies it was not possible to satisfactorily explain the apparent

negative ion current during the first 30 Usec of the Faraday cup signal. In

addition, the behavior of the ion current dependence on bias voltage is dif-

ficult to fully explain. Before the Faraday cup can be used with confidence,

these points should be addressed.
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6.0 StMMARY AND CONCLUSION

The simplicity and reliability of micropound PPT thrusters stimulated the

development of a iayger millipound version suitable for an expanded range
of applications including north-south stationkeeping. The larger impulse

bLt and greater total impulse of this millipound thruster have led to concerns

zibout potential exhaust plume contamination of sensitive spacecraft surfaces,

and thus, to a program at the Jet Propulsion Laboratory aimed at characterizing

the flow field of the millipound thruster plume, especially in the region upstream

of the thruster nozzle. Phase I of this program, detailed in an earlier report,

was aimed at developing an understanding of the PPT plume-wall backscatter

levels in the special MOLSINK vacuum facility, and a method of measuring the

PrPr plume backflow in the presence of this backscattered flux.

Phase II of the PPT plume characterization is detailed in this report.

The primary purpose of this Phase II effort was to measure, using the method

developed in Phase I, the PPT plume backflow flux over a range of locations

radially away from and upstream of the thruster nozzle exit plane. As a corollary

to this effort, a secondary task was to develop a better understanding of the

thruster primary plume mass flux dovstream of the nozzle exit plane. Once

these original tasks were completed, a small additional study was made to determine

the sensitivity of the PPT plume backflow to a different thruster nozzle design,

and to the presence of a shield surrounding the nozzle.

Tn order to insure the successful completion of the MfLSINK facility PPT

plume backflow measurement, the studies of the primary PPT plume were carried out

first, so that the results could fie factored into the design of the backflow



measurement system. Several tests were made using various diagnostics

including a ? rlar sheet deposition target, a double QDI probe, high speed _

photography, spectroscopy and carbon disk deposition analysis. These tests

confirmed that despite the high aspect ratio rectangular PPr discharge chamber,

the primary plume is _ssentially axisymmetric at distances of over 75 cm from the

exhaust nozzle. The plume was consistently found to have an expansion half

angle of between 300 and 40°, which, from the double Q4 probe results,

represents the plume radius at which the downstream mass flux has dropped

to 10% of its centerline value. Furthermore, the plume mass flux profile was

found to have a half-angle at half its centerline value of about 200,

indicating that the plume is more collimated than was previously supposed.

Observations of the plume with high-speed photography indicate that it

consists of a high velocity r30 kWsec) luminous plasma combined with a much

slower nonluminous gas. When these two mass flows are averaged, it is known

that the average plume exhaust velocity is about 17 kWsec, hence the slow

nonluminous component must be a significant fraction of the total plume. The

flow of this component may be less dominated by the electromagnetic forces

which tend to confine the plume to the thiaster axis, and thus the plume back-

flow may originate with the more ordinary gasdynamic expansion of this coolerIk ) h1U1e component.

I- Spectroscopic evidence confirms that the luminous component of the plume

contains ionized fluorine and carbon, and hence, is highly energetic. The

observed erosion of surfaces placed in the primary plume is most probably due
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to impingement by this high energy plasma. Analysis of the deposits on

carbon sampling disks indicates that the Teflon propellant plume is primarily

vapor with few large particles. This vapor condenses uniformly over the

collecting surface, indicating that the Q011 calibration constant analysis

is correct in assuming no point masses on the sensing electrode. The observed

erosion of the PPT electrodes is confirmed by the presence of copper on the

sampling disk placed in the primary plume. This copper was not observed on the

sampling disk upstream of and just outside the nozzle, indicating that the eroded

copper is not in the plume backflow.

During the Pbase I effort of this PPT thruster plume characterization, a

concept of measuring the plume backflow in the IMOLSINK facility was developed.

This concept uses collimated QW-Is to observe the plume backflow while avoiding

any observations of the plume-wall backscatter. During the current Phase II,

the design of these collimated QOOs was refined based on testing in the SEP

facility, and an array of collimated QU4s was assembled and installed in the

MOLSINK facility. Included in this installation was a series of Qas mounted

on the MDLSINK inner wall to observe the plume-wall backscatter. These

observations were used to check the collimated Q(01 array measurements to insure

Ithat the backflow measurements were not compromised by contributions from

this backscatter. The results of these measurements were analyzed extensively

to account for various complicating design features of the experimental system

and to determine the actual plume backflow levels at various radial and axial

positions in thlv PT nozzle vicinity. The results indicate that in a region

between 30 and 86 cm from the thruster axis and from 11.1 cm upstream to 30.5 cm

downstream of the nozzle exit plane, the plume backflow mass flLx is of order
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&-1  g-an-pulse Although the error bar on this flux is roughly a factor

of two, an analysis of its radial dependence indicates an approxirate inverse

quadratic drop-off with distance from the thruster axis.

In order to place the magnitude of the measured PPT plume backflow in context

with other types of thruster systems, a comparison can be made to the backflow

fltx from the plume of an 8 cm mercury ion thruster. This thruster has a

nominal thrust level of one millipound as does the PPT; however, its specific

impulse is approximately 60% higher and its mass flow rate is 40% lower than the

PPT thruster. The 8 cm mercury ion thruster was developed for applications similar

to those of the pulsed plasma thruster, including stationkeeping and attitude

control. The total backflow from the plume of this ion thruster was estimated

by sunning the contributions from both the mercury propellant and molybdenum

(14)
sputtered from the grids, for locations identical to those where the PPT

backflow measurements were made. The backflow flux from the PlT, as shown in

Table VII, was corrected for the nominal pulse rate of 0.2 pps and was found

to be identical, within experimental error, to that found for the ion thruster.

'Th1e investigation of the primary plume indicated that a significant fraction

of the plume mass is relatively slow moving and at a low temperature. This

suggests that the flow of this material is predominantly gasdynamic, and

thus, dependent on the discharge nozzle design. Furthermore, since the higher

energy plasma component of the plume is confined to the magnetic nozzle set up

I; by the discharge, a large fraction of the measured backflow may arise from the

gasdynamic flow around the nozzle lip of the lower energy fraction of the plume.
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To test this possiblity, a new nozzle was designed for the PPT thruster

with an expansion angle of 309 and an exhaust plane area of roughly

twice that of the original nozzle. Included in this design was a flat plate

shield which extends outward, in the nozzle exit plane, to a size conespond-

ing to Lhe size of the thruster enclosure.

This new nozzle-shield combination was tested in the MOLSINK facility

under conditions identical to those of the original nozzle backflow test.

The results were analyzed and then compared to those of the original nozzle

backflow levels. This comparison indicates that the nozzle itself makes

little difference in the magnitude of the backflow, but the shield has a

strong effect on reducing the backflow in regions upstream of the nozzle

exit plane. This reduction is as much as a factor of three for close radii,

while at larger radii, the backflow is not affected.

The major purpose of the plume characterization was to measure the

backflow fMix from the PPT plume in order to assist in determining the effect

of its deposition on various spacecraft surfaces. The final assessment

of the plume backflow must include considerations, not only of the total

backflow flux, but of what fraction of this flux actually deposits and what

actual effect does this deposit have on the various surfaces. These problems

depend strongly on the type of surface (solar array, thermal radiator, space-

craft housing, observation ports, etc) and the surface temperature. For exarpnle,

certain solar cell array designs use Teflon covers, and Ience may be totally

-- (ls)"unaffected by the plumve deposits 1 5  At the other extreme sensitive optical
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sensors with heavy plume deposits would have perturbed transmission or

absorption characteristics, and thus, significantly degraded performance

levels. Finally, continuing improvements in the thruster performance, includ- -_

ing increasing specific impulse and thrust, imply a reduction of the backflow

mass flux. With all of these factors in mind, the current measurements can only

be used for rough estimates of what the ultimate effect of the PPT plume

backfiow will be.

44
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APPENDIX 1

QD1 ERROR ANALYSIS

As discussed in section 2.3, the primary PPT plume has a significant

neutral component. From section 5.3, it is evident that the plume backflow

has an even larger component (up to 95%), hence to study the PPT plume mass

flow, a diagnostic system is needed which is sensitive to both charged and

neutral particles. Quartz crystal microbalances (QG4s) were chosen for this

study because of this requirement and because they provide in-situ measure-

ments which do not require removal for analysis and subsequent danger of

contamination. In addition, thir relative compactness allows several to be

used simultaneously without ovcrcrowd a.g the vacuum facility.

The accuracy of a particular QGM measurement depends on several factors

which can be split into two broad areas. The first area includes factors

Zwhich describe the relation between the mass flux at a certain location

and the actual collected mass when a QGI is at this location. These factors

include considerations of the particle optics to the sensing crystal.

r(i.e., collinator design and leakage), Fpurious mass accumulation (due to the

vacutm, tank environmental pressure and the pulsed thruster operation), and

the accommodation coefficient of the collecting surface. The second area

includes factors which relate the accumulated mass to the measured output

frequency shift. These factors include the Q(,' temperature sensitivity

__ and electronic stability, the value of the calibration constant, and the

calculation of the frequency shift versus time. These factors will beF discussed individ-all 1), in the following paragraphs and then used to calculate
VI t1tal error est m"atc"
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PARTICLE OPTICS The plume ion numnber density has been measured and

°etifikted to be between I09- 0I .&3 in the nozzle exi't plane f6r distanices

of 6rder 50 cm away from 'the thruster axis. Presuming that the total

heavy particle number density is about 10 times the ion density gives

10 -12 cm. Average heavy particle elastic collision cross sections are

of order 10 1- 10
- 4 cm2; hence, the particle mean free paths are around

410-10 cm. For the collimator designs used in the plume study effort, -

the characteristic size is about 8 cm, which is less than the particle

me-in free path. Thus, it is consistent to use simple optics theory with

its concepts of the illuminato, penumbra and umbra viewing regions for the

collimator design and operation. Collisional effects which would smear the

distinction between these viewing regions can be and are neglected in the

data reduction of section 4.0.

The possibility of mass flux leaks around the collimator to the QG4

crystal was guarded against by careful shielding of the Qals with Kapton

sheet around the back and sides of the QCNM body. The shields combined with

the long particle mean free path 'effectively prevented any flux from imping-

fng on the collecting surface except for that which entered via the collimator
aperture. 

.

SPURIOUS MASS ACCUM.lATION The ultimate MOLSINK facility pressure

is of order 10 torr, while the temperature is of order 25 K. Assuming

the gas in the chamber has a molecular weight equal to the average molecular

weight of Teflon (16.6 amu), and using the ideal gas law, the particle density

can be estimated as approximately 10l7 g-cm3 . From kinetic theory the average mass

flux through a unit area iii one direction in a volume of gas is the product of
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the gas density and the sound speed divided by 4. Using 5/3 as the ratio of
4 -

specific heats, the soumd speed at 25 K is 1.44x10 cm-secl; thus the average
F -2 -1

mass flux is 3x0 g-cm -sec This flux is far smaller than the measured

QGI fluxes; hence the error introduced by this low pressure environmental

flu:x is negligible.

During the actual test, with the thruster firing, the MOLSINK environ- I
mental pressure is not constant, but fluctuates up to values considerablymetalae pressureisntcntnbt 11tor Thsfuuaons

larger than the ultimate low pressure of 10 torr. This fluctuation is

due to the discharge pulse mass input into the tank, and thus, is of very

short duration. This short duration, combined with the pulse rate of once

every 20 seconds, prevents the available pressure measurement system from

giving an accurate value of the pressure versus time, primarily because the

gauge time constant is about 3 seconds, i.e., much longer than the discharge

pulse time. DUe to this lack of available experimental data, the effect

of this pressure rise on the QGC measurement must be estimated analytically.
-o

The PlIr discharge mass is about 1.56 mg-pulseI . This mass leaves the

thruster and travels to the ,1MSINK wall, 1.5 m away, with an average sonic

velocity of c. During the time after this first wall interaction, the mass

accumulated on the Q(2I surfaces represents an error on the desired signal.

From the Phase I study, 94% of the discharge mass is absorbed by the wall

while the remaining 6% is backscattered. The backscattered mass travels

upstr-am to the opposite end of the MOLSINK, conservatively about 3 m away.

The time required to do this is 3 meters divided by the sound speed: 3/c.

.\ssuin i g that dmrint this time, the mass density, , , is equal to the remaining
W', of the plilue mass divided by" the tank volume (o.28 I,), then the net mass

accumulated on the representative Q(NY surface is:
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This is the accumulated mass during the time between the first and second

wall interactions. Assuming that all subsequent Lall interactions reduce

the net mass by 50%, then the total mass accumulated on the QCM after one

discharge pulse is the sum of M 2 + M2 3 + M3 4 ... , which is found to be
-- +

l.Sx10 pg-o- - pulse . This figure is independent of the mass velocity

and temperature; however it depends critically on the assumption of uniform

density over the tank volume between collisions. If this assumption is

relaxed in favor of a more concentrated plume volume, then the total mass

accumulated on the QQA would drop since the time of exposure of the QfL

surface to this density drops. In addition, if more than 50% of the mass is

absorbed during each wall interaction, the accumulated mass would drop.

These assumptions could easily make an order of magnitude difference in

the analysis.

The calculated environmental flux represents that flux which would be I

measured by an uncollimated Q34 in the MOLSINK tank. Comparing this result

with experimental data from collimated QOCs must be done after the collimated .

Q(t data has been reduced to a total flux by having the collimator effect

integrated out. This integration was done for the original PPT thruster and

nozzle in section 4.2 and the overall results are shown in Table VII. As can

be seen, the smallest integrated signal, which must be greater than the

I environmental flux since it includes the backflow flux as well, is about I
105 mg-cm2 -pulseI at a location of 2.5 cm downstream and 70 cm radius.
Thus, the previous analytical result is roughly 180 times too large. As can

be seen in Table VII, the majority of the data points are significantly
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larger than 10' jig-cm -pulse thus the error due to the environmental flux

is usually small. At its largest this error is no more than a factor of two

on the smallest backflow flux value.

(___I AC____DATION COEFFIC The boiling points of the basic monomers

of depolymerized Teflon are discussed in Reference 16. The lowest boiling

point mentioned is for lHexafluoropropene (C3F6), which is 144 K. Further-

more, Reference 17 indicates that most chemical recombinations in the PPT

plume occur within a few inches of the nozzle hence, the plume constituents

are primarily these basic monomers. Since the QCN1s of the current study

were maintained at approximately 75 K, the accommodation coeffieient for these

materials should be very close to 1.0; hence all the incoming mass to

the QCM surface would be condensed on it. In any event, even if the accommoda-

tion coefficient is less than one, the QCNI temperature is considerably lower

than ordinary spacecraft surface temperatures. This indicates that

any spacecraft surface would have a lower accommodation coefficient than the

QGMs used here, and thus would collect less material than that collected on

the QGs of this study. In this respect, the measured Q(1 mass fluxes are

conservative values of what would actually be affecting a spacecraft.

iQ(71 T1PER'AT1RE AND LLDCPRONTC STABILTY Diurng the Phase I seoment

o I the p Itimle chairactcri:a ion stiid ', a Q(U\ desigr was developed which

-r0VidCd 1aximiHn electro:liic stability and minintmum temperature variations

n t he outp~t Frequency. T1h usc of a dou!let temperature compensated design1 7 and M' Cut quart c rysfa s provides a QOM which is virtually insensiLive to

temperature fluctuations in th-e range from -220 to -180 0 C.
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The thruster was floated with respect to the entire QD1 system and the

electronics support package for each QG1 was modified to use bipolar

transistors in order to eliminate the QGI sensitivity to thruster EMI.

As discussed in section 3.3, the QCGI stability was experimentally checked

prior to the plume backflow measurement. The results demonstrated that

the maximum drift in output frequency can be up to 2.9 Hz. To minimize

the error induced by this drift, where practical, each experimental datum

was determined by at least a 20 Hz shift, thus the maximum error is less

than 10% for most of the data.

t.ITEOUFhNCY SHIFT CALCULATION Each QG1 output frequency was monitored

versus time for test times of order 20-40 hours. The time was measured

with a clock accurate to several minutes, and the frequency shift was

measured with a counter accurate to 1 Hz. Measurements were made on the

average of once per hour; thus a minimum of 20 data r- 'nts were accumulated

per QG1 flux measurement. A linear regression analysis was used to cal-

culate the slope of the frequency shift versus time, which is directly

F proportional to the accumulated mass flux. The error in the slope calcula-

tion is equal to + vT, where a is the linear regression correlation co-

efficient. These coefficients are tabulated with the backflow measurements

in Tables IV and VITI. As can be seen, the usual correlation coefficient

is about 0.95; thus the slope error is about + 10%.

W-11 CALIBRATION CONSI'AN Dukring the 001 development of the Phase I

segment of this effort, the calibration constant was derived analytically and
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measured experimentally. The calibration constant for an identical QGM

was measured very accurately by Phillips (18) using sputtered aluminum as

the deposit material. The calibration constant depends on the quartz crystal

oscillation frequency, the cut angle, the quartz density and the uniformity

of the deposit on the sensing surface. These quantities are all fixed

once the particular QCIN design is chosen except for the deposit uniformity.

This uniformity was examined and is discussed in section 2.4, where it is

shown that the PPT plume deposit is very smooth with relatively few point

Jmsses. Based upon this examination, it was concluded that the Q(2.Is in use

for this plume study effort are identical to that calibrated by Phillips.

The final value of the calibration constant used in the Phase II effort is771-8 gm-2 Hz1--

the one found by Phillips, which is i.77xlO L g-cm -Hz + 5%.

S MNRY The total error of the QC4. flux measurement is just the root

mean square sum of the errors discussed in the previous paragraphs. This

error is on average about + 20%; however, for a few selected data it can be

as high as a factor of 2.5, due to the potential environmental flux. Once

this data is used in the analysis of section 4.0, an additional uncertainty of

about a factor of 2 is introduced due to the analytical assumptions and 'iita-

tions. The final values of plume backflow mass flux have an uncertainty

about a factor of 2, ip to 5 for the worst case.

I i



APPENDIX 2

COOIRDWNTE TRANSFOMATIONS

A coordinate system A=(x,y,z) is attached to the thruster (see Figure 2-1).

Thc axial distance down the plume from the nozzle exit plane is z; x and y are

transverse coordinates with the QG1I array holder located in the negative

y-direction (x0O). The array holder slants down and away from the thruster

exit at an angle of 12.70. Four pairs of Qa1s, labeled A, B, C, D are located

on the holder at negative y-values of 38 cm, 54 cm, 70 cm and 86 cm, respectively.

Since the y increment between pairs is 16cm, the corresponding z increment is

16 tan 12.70=3.606 cm. Each pair has a QCY positioned at x--+ 7.937S cm.

A translation of to coordinates =(xl, y' z1) with origin at pair centers

(see pair B in Figure 2-1) is accomplished as - where

x.t = 0 -Y 38,-54,-70,-86; and z.t =ZZA + 3.606, z A + 7.-212,, + 10.818 for

pairs A, B, C, D, respectively. Pair A Qt~s are labeled 1 and 2; pair B, 3 and 4.

pair C, 5 and 6; pair 1). 7 and 8. Odd number QD!~s have a positive x

position, even negative.

A second transformation of coordinates from A'to A = (x5 yz) consists of

an x-translation Ax = 7.9375 to a particular Q01 center plus a rotation about

the x-axis of an angle a (right hand rotation, see QG11 2 in Figure 2-1):

x ' cos + j~'
s 5

V t os' Y sin a

-Y si( +- cosa

Ihle % ax i! is n10W t hit OCIN I itmi t or I ook -d ii-t'eo I 01or ai tlip angl e

11he nitnn I to theo 0(1 clrvslal ihas a f-ixtNd dill amkgIc of' 2, 5'l; ence tile

collector angle relative to Z.is i= a-22.5 0. For -8), then
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If the plume is to be assumed axially symmetric, then more convenient

coordinates are =(r,o,-.) where x =r coso, y =rsino. The transformation

(r,E) z)- .(x,, ys z.) is a three step process.

M

Ia
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APPENDIX 3

SOLID AINGLE GkaLUlATION FOR WALL QCM

The solid angle of the QC1-s used to measure backscatter from the wall

is calculated neglecting wall curvature. The Q()4s see the wall through a hole

of radius R;their surface is a distance d from the wall and h from the cover

plate front (see Figure 3-1). The equation of the sight cone of collector surface

element &Nc located at r R,0 z =0 is

[r coso -R(l-z/h)] + r2 sin2  R=

The surface area seen by element dAc is bound by the circle

[r coso - R(i-dlh)] + r sin 0 (Ro d/h) B R

Which is centered at x rcoso =-R(-Lh -1)~ Coordinates relative to the circle

center are denoted by a prime. Consider a wall element dA located at (r,o),

the angle y between a line from dAc to dA and the wall normal is given by

d
cos I'V(rlcoso'Rdh)z + (r'sino'1) 2+d2

It is assumed that the wall backscatter intensity has the form I Io cosy-

Also, the solid angle of d-A. as seen by the wall element is

d= (r '-d/h)z + rfsinow)Z z dL

Tetotal flux to the QG'4 surface is

2- R

2 0

=(-R ) IoS(a)



COVER PLATE--

dAc COLLECTOR h To I
/ I87

/ __________~ WALL

dA

z

Figure 3-1. Wall QC'4 Geometry
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for a (h/R 0), with S(a) a 1 (u+v+a)d 4 vu1

For the present geometry, a=1l.96 and numerical evraluation gives S-O0.2710823.-

Using Ro0 0.39687S on, I~(gpus a -ser is given by a datum

F(lig/pulse) as I~ 2.373F.
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SLNrED COLLEOR SOLID AXGLE CALCULATION

The Q4 signal results from particles scattered in a plume slice defined

by the collimator. For each volume element in a slice, the -04 collector

opening presents a solid angle n to the scattering source; reduction of the I
Q(Y data to find the source distribution thus requires an expression for the

source weighting factor -/4. An analysis of the collimator geometry follows,

set' :igure 4-t. In the figure, the source or scattering point is " = (xs, Ys z 5)

coordinates attached to the collimator. The collector is at an angle r relative

to the z-axis (Figure 4-2) and is defined by WE 2 1; 2lit

of the collimator is defined by r=rc, -,a' zi - a/f2 for x-rsinO, rrcos3.

The collector unit normal vector A= (O,cos'r,-sinr) and a collector area element

dxdt= &A is located at it=(x,(,5sinT , (CosT). The corresponding solid angle

differential is

nR3

where a = is-Ac. This is to be integrated over the intersection or overlap of the

opening am the projection or mapping of the aperture slit from- the source point

to the plane of the collector. (The pentra corresponds to a partial overlap,

the ubra to a null overlap, and the illuminate to fulI overlap.) Te mapping

is CiwVe b.

N I [rcCOST (ysin0 -x coso ) +sinr (xs : - zszine )]

z. " )' =rc : cose)

where P = cos T (y-rccosG ) -sin-( )- _=

-- +- -132-= U
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The Jacobian is

l(0,z D YCS Z Sin 2 (XSin' + Y coso - r)

'Me mapping is nonsingular as long as D>O: only the region ys>rc is (and need be)
considered. Since Rc< R., the solid angle is approximately

S (y cosi z ZsSilT 3I + Z5 [XSX + LY.SiIlT+ z~su 'j
S

h + 2
with anI error less than h i.e., less than 1% for R5s=r. With3 R

R >> r~ for most volume elements, this expression gives negligible error.
Let c/ <1 and x5  psino, y=pcos,. The inversemapnthogore

-0c socos4) Z5COS4

Z=Ca4 -(1 Bcos) C~o w irsn YCS-i- A&Y+) B ( -csi)n z C(si

where sn+ sncs ,= F cs - sn s o

2 .2 28=-coso csso +2Bs n T cso + ( +B si -C nTa~ ~ aTa r

A (1-cososino)
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Since oa is relatively large and the region small, any variation in the presumed

small source function is neglected and half the region is included in the

illuminato, the other half in-the umbra:

ds= 0 if Hol > *

txi - h/2 if 1 -

where 4*=O+ (l-scOS [ sin) sinoa-A(h - ) +C sinT)
a TY

rc c rc

The problem of calcu-lating 9 is now reduced to that of the penumbra region with -+ +

respect to z (or ,). Define _(zE L) and - max( ,-w/2) , mn(&, + ).

Then a=0 if rI> r .and the combined penumbra-illuminato is for l < Z:

-h/2
(y~st":sintj f ~ 2 [+ 3X Y~n sC~)(2 )

COSR 2 syinnts 3-d

The integration is to he done numerically. Angle * is to be calculated with

i replaced by (cl+i 2). The equation for r can be put into an approximate

quadratic form:

IM K2  2 K + Ko =0

giving - (1+ - Here Ko  (z-6coso zsp)y s

where

p W)--(I - cos,)?J sino+ coso [cos+ (2-3cos2,)] F) ,I - 1 Y .OST(1-cos )+sin T [Z-Z s cos)( ) + (-coso)sinjcos JIM

- rCOST+(oOa13s 20)zsSirx]

K27 (1-Ocoso) sin sinT [COST+(!- 36coso) cos zsSind]"?

2rc
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Each source point has as its weighting factor the collector solid

angle u/4, times the appropriate volume element size.

A similar formulation holds for a surface source function. In particular,

the solid angle factor may be used when weighting wall backscatter if attenuation

is neglected. Also necded in this particular situation is the additional factor

of the cosine of the angle between the QD1 solid angle direction and the wall

normal. (The wall boundary is considered to be a smooth surface defined by

the inner extremities of the anechoic chamber.) The wall is elliptic with

its center located at z = 4.445 cm downstream of the PPT exit plane and with~c

semimajor axis a 150 cm and semiminor axis b = 100 cm. The wall is given

as rw = b[ 1 The wall normal vector is proportional to

dr drw 79
rcoso, rwsino, -rw  - in plume based coordinates, where rw - (Z-Zc1.

dz dz
o dl

Also, the wall area element dA = r dl dzd), where 1 is the axial wall arc

: "- " dl [1 b 2 "z-z 2

I_ length, rw q=b-(1-(a) )(-f-- )

The solid angle direction is simply (rwcOS0, r sino,z) translated to Q(dZ based -

coordinates (without rotation through dip angle, see Appendix 2). The cosine

-is calculated by taking the inner product of the normalized direction vectors.

Total wall backscatter into a QGC can be easily found by suining I w ,, : fcr

small, discrete increments Az,A@.

- Fortran Subroutine Listings

The subroutines used in the upper bound wall scattering correction estimates

and source function analvsis follow. Subroutine names, usages, and argiuient

I ' list definitions are:



m ~ -- .. . : - .... i - ----- - - = ---

NAME USAGE ARGUMsENTS

(1) RErLC Used to calculate corrections ALPHA - dip angle: ZA-axial position

due to wall scattering of QCi pair A: IQCv-QCM number: IT,

DZ-intervals AO, AZ for integral sum

(2) WSF Gives normal wall intensity R,Z - coordinates rwZ

(3) MATRIX Calculates influence matrix AM-array name: M,N-row and

of volume source function column size

(4) WFJN Does coordinate transforma- XY,Z or R, THETA, Z- source
dr A

tions and calls solid angle coordinates- WDR- -r w -3; ALPHA, ZA,

subroutine IQCM-gives QCM position, see above; N-

number of intervals for Simpson's

integration for 62; LGL-logical

variable, if FALSE, then IWFN

multiplies 2 by cosine factor

(5) OMEGA Calculates 1 XS, YS, ZS- source coordinates

relative to collimator: TAU- collector

slant angle; H,W- collector hole size;

ATERTA, A- aperture opening angle

and width; RC- collimator can radius:

N- integration intervals

(6) COETF Calculates coefficients QO, Ql, Q2, RN, R1, R2 coefficients;

used to find l, 2 X- collector surface coordinates;

Z- aperture edge position; YS-

source coordinate
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(7) LIMITS Calculates Z. - X-collector coordinate: ZL-

aperture edge position; YS, ZS 

source coordinates; W2- collector

half-width; ERR- maximum quadratic

term in calculations of ; ZP, ZN-

~~~(t;2- 1), {t;2 +;i

(8) rI Calculates plume boundary THETA, Z- plume coordinates

radius (TPA=Tan of expansion

angle)

?I
I 19-19



FtNCI 10111 fFVLC AL PH At 7A IQCTV',D1,DZI
DATA T~.P

3.
Y=O 0

10* I( IT*L T .1) T T I
11. *AFLrtAT(lT)

17 * IS=TINT/t

15* ftFtVATfI?)
f.- *7S=21NT/A

21.TF(F.LEwro.U) Go 10 :'P
Sf~tr*SGRT(R)

4 11 (i.LT.O.0) GC 10 20

F =SF*W":V(F t P

27aKTIt IIEAf'~

0I~F r .1-C,(O23F) Go*?10St10

2' ~1 r~ TtiFN!
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~-~-71

1* SEROUINE ATRI(A~iirA

1' SuFORMATIE f21 RIX(AMP;I.)

V' 1 FORMA1(23PE125)

3 FRMA T 14E1 2 1HR9 HE7
9* 4 FCRA 1142HHT, INCREMEN7S1IP3E12.5)_

5 F-ORMAT(lHi~s5X351OP ZAALPHA IQCMI
11'C f5XI3qlXlP2El2te'- rXl2))_

FOlRMATfl(HO5X2HSPv5X4RMIN sBX4HRMAX 9 FXBHTHETAMI N*4X8 HTHE TA~qAN
13'* C EX4FZMW,8PX4HZMAX/(5Xl!,1XlP6E12.5))
14* PEAD(5,1) MqND)RoTOZ

READf5,2Y fZVfD),ALPHV(1),IQV(D9,1,1M)
16* PVOt, Rl( I),R2(I),Tl(I,,T2(I),Zl(I),Z2(I)tl19N)
17' WRITEC6,s4) ORD)TqDZ

IF' .PXTE(f,#5) (I.ZVCI),ALPHV(I),IGV(1)I1l14M)

-C* ~ P DO JzI 1=101
21* .

23'
24* A WFtJ"'(XyZALP?-V(I)ZVI),IGV(1),6,.TRUE.)

27' A =T 2 f -T I W
p* ]T=A/CT.K.5

29' IF(IT.LT.1) JTzl
7 V=zFLOA7(JT)

32' THfTA=TICJ)tC.5*TS
3 A=Z2(J)-Zl(J)

36' ri=FLOAT(17)
37. 7S=A/f-

2c 5=Z 1 j+ , - *1

4,4 4"I Kl= 1

431 A=RM4UHrTAqfl

'4' lF(A.LF.Il') GC TO 3c

47' fk=FIOAT C I
4R*

- - - - - R O W -



49. k=P1 (j) ;''s-
V0O 3: KP=1JR

5?. A=A*R*PS
53*v StJPZSIUM*A

3~ P=R+RS
55' 32 CO&TINUE

cl' 51 TI-IETA:THETA*TS
56' t1.7 325"E-2*TS*ZS

t.9* (lJ) =A *SU M
( ~ L * 0 r0NTI U LE
*1 RFTURV

1* FLNICTIOt' WFU!(XV,YZALPHAZD,1QC.1NL5L)
2' PEAL XY,2,ALPHAoZAqSC

3' J'TEGEF 1-,CI~NtJ
4* ~ LOGICAL L-L,

rl Mr~I SC(7)oV(3)
= £'COItPON/SAC/SC

7' VATA DAf)XD71 RCRHtRTO/C^2.5ip,937593.606,1973 15,0i.79375wl
F, ~ C 't.63,q 35174'3293E-2/

1::' CALPt4A-DA
15'PL =OPrE(,A(RTr~vnAqRT CtqCHtW5%. *.O00CARC)

7,t 1L=F L CAT(WJI

C=RTD*ALPPA
24* N~I~C

C=CO)S (C)

27' ':tTPY Vf I(HTtETAqZWrR)
2p*;.PR=jWDP

ffL:OTfVTHF1A
=R.COS(!U..)

24.Y= R*IZIN(PL)
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32 ~ 6)iS2(*

7C)*ZS=Z*7T

3'.9 XS=XS+RL
39*AFI. P

4C F(LGL) GO TO 20

Li. V Z)XS

4= CALL SL^NRM(!,VRL)

4t* V(2)=Y
ti7*VC3)=WD;R

CALL SL2NRt4(3,VAF)

49* tF=XXSY*S+ItP*ZS)IIRL*AF)

51. RL=YS
&2* YS=YSC.ZS*S

RLz=OSC-RL*SY~S

- - UJFU 7 .95774 72E-2 *RL *AF
q ;TURN

rUflrTlON CE -A(XS,YSZS.TAUEvIATHETAAtfCvN)
* 2* REAL XSgYSq7STAUMIiATHETAARCPSXA2,W2.ERP.?D9ZA

IkTFGER W.J
4. ror'40Nt./SAC/RCPSI k2TAU ,COSTAUBETA.SJ NPHX.COSPH, 1'F

I FORvAT..qX5H8ETA=IPEIC.3,2X3HRS~lP3ElC.3)

FOPYAT (4X'.I-fRlPE3.!2X3HRSlP3ElO.3)

TAUIR =1.7453293E-2*1PU
0l THE T AR =1. 745 A293F ~A THETA

SI NT AU = I N (T AU R
C OST A UCGS( T AUR)

12 $TNITHT=S1NfTH-FTAP)
13. COST HI Cof)s(I ffT AR)
14. A2=; r)j*A

-143-



17. RCPIIRC

19'

SILO A I A

T21. FNTRY OMLCGA2AEXSvYSZS)

23* PS =XS*XS*YS*YS*ZS*ZS 1
24* rS3=RS*SWT(jzS) 4
25. PHJ=ATANJ2(X~vYS)
26* SIPH!=S1N(PFI)
97. CoSPHI=C(O!(PH11 9
28. IF(YSofNt. 1 .-*) PLETA=RC/YS
29# JF,(C,.^.LE.YS.AND.YS.Lf.RC.AN-CA8S(XS)oLE.RC*ANV.ABStZSJ.LE A)
3L* C UI RTE 4 . I) R.TA.9XS 9YS 9ZS

32* IF(YS.LC.PC.OR.AS(ZS'BETA*COSPHI).6T.(A2+io2)) RETURN
33' CFA:1e .- rTA .CSTfIT
34. F =CFA SIP.1HT -CPSTHT

'25, C=SI!4TfHT* (CDSTITBETA*SIN7H7*SlNTHT)
3.~.CF~lo Z-P-ETA*C0SPfll

37, VY S *CP S TAU -2 S*S I !IA U
3F. F Z =Y S IIV T A LZ S * 0S TA U

39* C SJPPSOPJ'S RULf INTEGRATION

42* CALL Ll1PI1S(~,A2,YSZ$,92,ERRZ~gZA)

4 43 * F 2 E;

45.* F2,=XZ .9

47* DOI 1= J19N
4H J=112
4Q,* J=I-J-J

Fl: CALL LIPFITS(X%&2vYS9Z~qW2,EfRRZOZA)

52#

CL F4=~F1.*JF'AZD
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1S- V(l92ERA sZ

f,7 x:132/P!:

73* 'rwF:.=FJ.f-1X/PAUC

74. 1 F t(SCPLI).F.TF 6,3 REJURILJ.O~
71* -Ir-r AI V1V

77. .

. PAL Q 1,vC2,RJ,1,R-,oXZYS
3. CC?^PCU;/StC:/RCSTAUCTiU,PE TASPHiI CPPICl-

: * J1=zCF*CTAW:Ye*1.Q,8-ETA*SPHI.CPHI*X/RC)tZ*?TAV
.C2 =CF *STAU.C TAU*S PHI *SPWfI

7. RIC-CFV.X(SPHI$L.5*CPH1.CCPHI.BETA*(2.&--'3,.*CPHI*tPH1))*X/RC)

Pflt-TA*5cil*t,:cI1..CF*ccL*afrPuIaBTA.*(,*RrT*PHT*r04Tt)*X/Rr

P 1:CPFMRI*SJIAU f'
;J&c ?=CF*..$ -31.5*BVTA*CFI141)*SPIIeSPH*CPH*STAU*STAU/RC

1rF TUP';

rEMAL Ti'ETt.Z

'ILTA RITFA/7.&, ..26e' 91Se/
*L =11p[7PA.*7

7* rz-l*2t q6 431F -j~~~~ F ~ W.(i?

7 1 *"F T fA

a l



2* RWAL XZL.VSZS.a2,EttR.ZP.ZNSOO, -G1.2RC.P.1P2
5* ~PIPENSON S(7)

5* CALL COEFFfEOt.O1,o-2.R7,iUR2,X*ZLYS)

zpr0c(-*2/tcI .01) _

1. 1fIPr~fZF.CT.ERR) ERR=ABS-"(ZFl

13.

(z2=02.R2.ZSS

17. ZFIAOSEZN)oGToERR) ERR=ABSIZ&)

Ili* %=C4ZR

C-.: lF P 47MfP.* 2

I-%
I-"

II
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APPENDIX 5

EFFECTIVE QCNI SLIT ANGLE

It is desired to reduce the QCNI data (in jig/pulse) of plume backscatter

to a locat intensity value. To do this, the effective collecting area-solid

angle p)roduct needs to be calculated. For a given element of area on the QCNI

surface, the solid angle is defined by the aperture slit area. Coordinates

relative to the collector have the x-axis as the tilt axis and y-axis as

the look direction (see Figure 4-2, Appendix 4). The aperture slit is r=rc,

101 o 50SO', IzJ-I a/2 for x = rsino, y = rcose. Since the QCM surface

normal i:;- at an Wngle T to the look direction, (see Figure 4-1, Appendix 4),

on the collection surface Yc csinT, Zc= COST and the area element dA = dxd .

Trhe effective collection area is cose COST dAc. For given x, ,let t~=R

4cllctrthen do P b' (A-ni'i) rc dudz where R r. +x2.- +z +Z 2 zccosT- 2 rc
colle+snctor an (ic) = 

2  2
.

(xsi(1)csincos) ad (9n) -v v -(xcoso- sinTsino) +(z-tcosT).J

Integratino over z frnm -a/2 to a/2:

11 ~J[ua wdzI
=sA cr C o tanffcud cosT2 / 2 R~~~ -a~ ~l~ 2 2

.n--irie of' t ho iinxerse I anigt-it is smial i; the funci ioni is replaced by the first

-~two teini!; ol i ts Tyo sre.Withini an error or order 1- 0~

w 2
- v--- and
R r

cosod2= cose -OM (v-l.. 0 aI
a Jlu + -cos-T-a- /4 2rT



(Secondl tcnn has hecii reduced to lowest ordler.) illie first term can be expandled

for large r~ and replaced by

[1+ L.. (xsino+tsin'(coso) -(xsino+rsinTcoso) 21 2r a2 1
Crc r x+

c

hitegrating over x from -hto hand over from -w/2 to w/2,
I21

fcosodsldA. =2hw (1+c) asin o, tile smazll factor

r a

beinecte d aC as mfor ean intnitmy as aefuction ohftve t angle is

cenlcted Tisam intensity safncino the datp divide byl Aciscs
c2

Ac hw. Numnerically, the -divisor is 4.0322S x 102 cm -rad COST or

2.31 cm dceg COST.
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